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ABSTRACT 
The Non-Intrusive Load Monitor (NILM) provides a method of measuring component perfor- 
mance and source power quality through a single point of entry in the power distribution system. 
A study was performed utilizing the NILM onboard three different ships (along with experimen- 
tation in the laboratory) to determine its effectiveness in determining the state of mechanical 
systems through analysis of electrical power data. 
Data collected from the Auxiliary Seawater System onboard the USCGC SENECA indicate 
that the NILM is able to predict several faults (clogged pump inlet strainers, faulty motor/pump 
coupling, fouled heat exchangers) as well as provide a backup indication of flow levels to heat 
loads. Data collected from the Sewage System of the SENECA indicate several metrics which can 
be applied to cycling systems in general to differentiate between periods of heavy usage and fault 
conditions. Finally, data collected from the Steering System of the SENECA as well as a yard 
patrol boat operated by the Office of Naval Research shows the potential of the NILM to be used 
as a control system without the need for separate mechanical transducers. 
Thesis Supervisor: Steven B. Leeb 
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1.1 Motivation for Research 
The U.S. Navy has a growing dependence on technology to perform its mission, making ships 
ever more complex. As a result of the number and complexity of shipboard systems, it becomes 
more important to monitor them constantly. The research presented in this thesis is the first step 
towards developing an automated electrical load monitoring system for shipboard use. 
1.1.1 The Electric Ship 
There is a growing trend of “electrification” in U.S. Navy ships, most notably in the development 
of the integrated power system. In the integrated power system, ships no longer have separate 
main engines to provide power for propulsion and generators to provide electricity. The ship that 
. uses an integrated power system would have only generators which supply electrical power for 
ship service power, combat system power, and propulsion power (via an electric drive system). 
This setup allows the generators to be loaded closer to their rated power output in order to 
operate the prime mover for these generators at higher efficiency (and therefore lower specific fuel 
consumption). 
Another way that the electrical loading on naval ships is increasing is through transition 
from mechanical systems to electrical systems. Advances in computing and power electronics 
have made possible electrical equipment applications which have traditionally been mechanical, 
hydraulic, or pneumatic. For example, steam catapults have traditionally been used to launch 
aircraft from aircraft carriers. The electromagnetic aircraft launch system (EMALS) , which uses 
a linear induction motor, will replace the traditional steam catapults on the next generation of 
aircraft carrier. 
The final way that the electrical loading on naval ships is increasing is through the increased 
computing power required on ships. This is due not only to the increasing abilities of the combat 
system suite, but also because of the more extensive use of information technology. 
The importance of electrical monitoring grows as the number of electrical loads onboard 
warships increases. As the shipboard distribution systems get more complicated, it will be more 
difficult to keep track of the loading and usage of all electrical loads; hence the need for an 
electrical load monitoring system. 
15 
Along with the increased use of electrical ~ u i p m e n t  on ships, there is a trend to make ships more 
automated, This would not only allow for reduced manning (and there€ore reduce ope~ating cost) 
but would also make ship systems more reliable. Automation of e~uipment has two €undamental 
aspects~ control and monitoring. Since it is imposs~ble for an automated system to  know what 
control signds to send unless it knows the current state of the system being controlled, monitoring 
the state of the system becomes a crucial part of automation. 
In ~ d i t i o n  to mon~torin~ systems as part of automation, there is dso an increasing need to 
collect information for the purpose of condition-based majntenance~ The preventive maintenance 
system traditiondly used by the US. Navy follows the idea that eq~pmen t  should be serviced at 
a regular (and ~nserva t ive~ interval in order to prevent failures from occurring. The ~ a w b a c k  
of this ~h~losophy is that equipment which has a low level of usage can be serviced more often 
than is n e ~ s s a ~  while e~uipment which is heav~~y used may not be serviced before failure. As 
a cost-saving measure, there is a grow~ng e m p h ~ ~ s  on condition-~~ed m~ntenance in which 
~ u i p m e n t  is serviced based on its actual condition. Of course, the ~ o n d i t i o ~  f e~uipment can 
only be known if that e~uipment is continuously monitored. 
1 2  
It wodd be useful at this point to ~ r i e ~ y  review some of the past efforts in m o n i ~ o r ~ g  ship 
s y s t e ~ .  I 
T K i  kind of monitoring is the s i~p le s t  and kas been going on for the longest period of time. ~ i t h  
the transition from sail to steam, it became necessary to monjtor the pa~ameters o€ the steam 
plant. This monitor~ng ~ o n t i n ~ e s  on mecha~cal systems today, with a watchstander ~ a I ~ n g  
around ~~oking at pressure and temperature indications and writing down the r e ~ i n g s  into a log 
once per hour. In some cases these indications are purely mech~ical,  such as a Pitot tube (as 
described in [I]) used to measure total pressure in a ffuid system. In some cases the ~ndicat~on 
invoIves a transducer to convert €rom o w  form of e n e r ~  to an other^ as in a thermoc~uple used to 
measure temperature.  ether a direct mechan~cd indication or a transducer, the information 
recorded is always m ~ h a n i c a ~  in n a t ~ ~ .  
There has been a recent increase in automated log taking €or mechanical sy~tems in which a 
central processor collects i n fo r~a t~on  from transducers and automatically records it. An example 
o€ this is a §ystem onboard the ~ ~ C ~ C  ~~~~C~ that records any changes in main e n ~ n e  
rpm. ~ l though this alleviates some of the burden on the watchstanders, it does not provide any 
analysis or control ~ c t i o n s .  ~atchstanders are still required to analyze trends in data and take 
the appropr~ate actions~~ 
In a d d i t ~ o ~  to monitoring the electrical parameters of the ~enerating ~ u i p ~ e n t ,  many other 
p~ameters  are now being monitored onboard ships as descr~bed below. 
~ i t h  t e push towards electric drive systems, it has become necessary to develop control and 
m o n ~ t o r ~ g  §ystems for extremely large electric motors. The system presented in 121 uses “search 
IS 
coils” to monitor the amount of flux in a large electric motor as an indicator of motor condition. 
Flux information is collected by the system and compared to baseline flux levels in an effort to 
detect faults in the motor’s rotor. For example, the partial demagnetisation of a single magnet 
(from a total of 38 pole-piece pairs mounted on the rotor) can be detected as a change in the flux 
amplitude over a single rotation of the rotor. 
The arc-fault detection system described in [3] is a way of detecting the existence of arc faults 
in electrical switchboards. As described by the paper, arc faults were becoming an increasing 
problem as the source for fires in submarine switchboards in the 1970’s. The faults occur because 
of faulty connections due to corrosion, faulty fastenings, and vibration as well as contamination 
and foreign objects. The circuit breakers installed in switchboards do not open for an arc because 
the arcs often draw much less current than the currents already present in the switchboard. As 
a result, the arc fault detection system that was developed uses photo and pressure detectors to 
sense the presence of an arc. At the time that [3] was written, the system has accumulated 500 
shipyears of operation without a single erroneous operation. 
- 
1.2.3 The ICAS system 
Most of-the information in this section is taken directly from [4] 
The Integrated Condition Assessment System (ICAS) is a Commercial Off the Shelf (COTS) 
software product designed to provide a computerized engineering tool to eliminate paper logs, 
implement Condition Based Maintenance (CBM) via expert analysis and improve availability 
and reliability. The ICAS is a Microsoft Windows NT based system running on state-of-the-art 
ruggedized commercial workstations. It continuously assesses machinery performance conditions 
and transmits the information over a fiber optic network for shipboard or shore side expert review 
action and planning. Thus ICAS provides maintenance personnel with real-time data display 
at these consoles, continuous performance assessment and trends, alarms, equipment vibration 
information, continuous expert analysis and diagnostics. The ICAS shell is loaded with a hull 
specific Configuration Data Set (CDS) outlining the failure and maintenance modes of the main 
propulsion, electrical, auxiliary and combat systems equipment. These failure and maintenance 
modes are defined by Navy subject matter experts including ship’s force, in-service engineering 
agents and fleet technical support personnel. Inputs to ICAS consist of both manually collected 
data and on-line sensors (including those parameters collected by MCS and shared over the 
common LAN). 
Although ICAS seems very capable, it actually has several severe limitations. The biggest 
drawback is that ICAS is software for analyzing and trending data, not a data collection system. 
The Portable Data Terminal (PDT) and Portable Diagnostic Aid (PDA) are hand held units 
utilized to collect manual data and upload to the ICAS workstation where it can be analyzed, 
trended, and logged. The PDT is used to enter log sheet data into the ICAS system. Sensors 
are typically grouped to represent a paper log sheet. The operator punches data in on the PDT’s 
alphanumeric keypad and then downloads the data into the ICAS system via the Data Transfer 
Cable. The PDA is used for acquiring and analyzing vibration data on rotating machinery. It is 
manufactured by Dynamic Instruments and has an OEM model # of DI-306. The unit is capable 
of acquiring both broadband and narrowband vibration signatures. The data is acquired via the 
PDA and downloaded into the ICAS system for analysis and trending. The only data which is 
automatically collected by ICAS is from the Machinery Control System (MCS). The data collected 
by ICAS from MCS is not related to the status of the equipment, it is only a record of control 
signals sent to the equipment. 
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1.3 N u ~ - I ~ ~ ~ ~ ~ ~ ~ ~  LOXI M ~ ~ i t ~ i ~ ~
~ o n - I n t r ~ i v e  Load ~ o n i t ~ r i n g  research has been in progress at the ~ a s s ~ h ~ e t t s  rnstitute of 
T ~ h n o l o ~ ~ s  Laboratory for ~lectromagnetic and ~lectronic ~ystems ( L ~ ~ ~ I  for the last twenty 
years. The ~ o n - ~ n t r ~ i v e  Load  oni it or ~~r~~~ provides a method of measuring component 
performance and source power quality through a single point of entry in the power d~stribution 
system using only one voltage and one current t r ~ d u c e r .  The ~r~~ can be used in single or 
t h r ~ ~ ~ h a s e  syst ms over a wide range of both voltage and c ~ r e n t ,  The ~ I L ~  has the abil~ty to 
measure mult~ple loads simultaneously by em~loy~ng a Pent i~m based p e ~ o n a l  computer ~ n n i n g  
a modi~ed version of the Linnx operating system. The ~~~~ is relatively easy to build, i ~ t a ~ l ,  
and run (see Chapters 2 and 3 for more  information^. 
It has been d e t e r ~ n e d  that since the ~~~~ has a high data co~lection rate (8 kHz for vo~tage 
and c ~ r e n t ,  120 Hz for power envelopes~, it can detect very short d ~ a t ~ o n  t r~s i en t s .  It has 
dso been determ~ned through exper~mentation that if the e~ectrical oad in q u ~ t i o n  is tied to a 
mechanical system (e.g. a p ~ m p ,  fan, etc.I1 then ch~nges in the m e c h ~ c a l  system can have quan- 
t i ~ a b ~ e  impacts on the electrica~ signature of that load. Best s u m m ~ ~ ~ e d  in [5], the application 
of the ~~~~ to date has been primarilay in HVAC s y s t e ~ s ~  
The fo l lo~ng  ~ b s e r v a t i o ~  are made from the preceding sectio~s: 
~ o n ~ t ~ r i n g  of mechanica~  parameter^ onboard ship  require^ c r e ~ e m b e r s  to read u ~ o p ~ s -  
ticated instrum~nts which are not accurate or prone to failure. In the case where ~ e c h a n i c ~  
parameters are ~onitored electronical~y, a ded~ca t~d  t r ~ s d u c e r  is required for each param- 
eter. This t r ~ s d u c e r  is s ~ b j e c ~ e d  to the actual e n v i r o ~ e n t  that it is mo~toring. 
~onitoring of electrical p a r ~ e t e r s  onboa~d ship has to date been ~ ~ d u c t e d  at the genera- 
tion or distribution level with the purpose of p r o t ~ t i n g  the e ~ e c t r i c ~  system from e~ectri~al 
faults. 
The ICAS system has the abi~ity to analyze and trend equipment ~oading, but does no 
~utomatically collect data. 
~ l ea r ly  a better system is needed onboard US. Navy warships to monitor the e~ectrica~ loads 
as called for in [GI. Such a system should have the following  attribute^: 
Fault ~etection. Data collected would ~ntinuously be c o m ~ ~ e d  to a ~ibrary of normal 
and abnorma~ conditions to report the existence of a fault condition to an operator. The 
oper~tor “...must be pres~nted with ~nformation in a m ~ n e r  which assists quick decisi~n 
mak~ng and error-~ee c o ~ m a n d  inputs=,’ [7] 
~ u t o m a t ~ c  Co~ective ~c t ion ,  ~ h o u ~ d  a fault condition be  severe^ the system would be able 
to shift over to a r e d ~ n d ~ t  piece of e~u~pmen t  before catastrophic failure of the faulted 
equipment occurred. 
rn Fault Correction. Sho~ld  a catastrophic failure occur, data collected by the system would 
be stored in a robust format to be used later to determine the cause of the fault. 
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0 Usage Trending. Tracking of equipment usage would be used to ensure equal run time for 
systems with redundant electrical loads. 
The NILM would be a perfect starting point for such a system for many reasons: 
0 It can gather mechanical information about a system from electrical information without 
the need for dedicated mechanical transducers. The electrical sensors used are solid-state 
and are therefore very reliable. 
q-. 
-.-/ 
0 Since the sensors used are located inside an electrical panel or controller, they are not 
subjected to the harsh conditions present in most mechanical systems. 
0 Electrical monitoring is accomplished using existing power cabling so backfitting the system 
on older ships would not require running an excessive amount of cabling. It would also not 
require creating penetrations into mechanical systems. 
0 All NILM installations used to date are COTS and so are very cost effective. 
1.5 Objectives and Outline of Thesis 
The research in this thesis represents the first step in developing the monitoring system mentioned 
above. Since electrical load monitoring of this kind has never been attempted on a ship (to the 
author's knowledge), the scope was very large. The goal was to find as many ships as possible 
with complex electromechanical systems and install NILMs on those systems. The data would 
be analyzed to determine which systems the NILM was best suited to monitor. A total of 12 
expected with research of this kind, some systems are more amenable to non-intrusive monitoring 
than others. Analysis of some data has been deferred to the future. 
Chapters 2 and 3 discuss brief theory and construction of the NILM. Chapters 4, 5, and 
6 discuss results for data taken onboard the USCGC SENECA for the sewage system, auxiliary 
seawater system, and steering system, respectively. Chapter 6 also discusses results for the steering 
system onboard a yard patrol craft operated by the Office of Naval Research. Chapter 7 presents 
an outline of future work that will be conducted in upcoming years. 
I systems were monitored on 3 different ships with almost 200 gigabytes of data collected. As to be 
I 
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Background 
2.1 Measuring Real and Reactive Power 
The NILM uses measurements of voltage and current to produce estimates of real and reactive 
power consumption (henceforth referred to as P and Q, respectively). For a single phase system, 
the NILM is supplied with the voltage from line to neutral and the current flowing to any loads 
downstream of the monitoring point. Real power (P) is produced by current which is in-phase 
with voltage and reactive power (Q) is produced by current which is 90 degrees out of phase with 
voltage. It also estimates the higher harmonic content of current to produce the first three odd 
harmonics of real and reactive power (referred to as Pk and Q k  for the kth harmonic of P and Q, 
respectively). 
If the same sinusoidal voltage is applied to a resistor, capacitor, and inductor, the NILM 
would produce positive P with’ zero Q for the resistor, Positive Q with zero P for the inductor, 
and negative Q with zero P for the capacitor in accordance with the convention proposed in [8]. 
The convention of using a power angle measured in the clockwise direction from the real axis is 
employed, so that the power angle for an inductor is f90 degrees while the power angle for a 
capacitor is -90 degrees. The summary of phase relationships between voltage and current for the 
three components is shown in Figure 2.1. 
For a more in-depth description of the NILM calculations used to determine P and Q, see [9]. 
t 
Figure 2.1: Voltage and Current ‘Phase Relationships for 3 Components 
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tem 
For a t~ee-phase ~ ~ o u n d e d  power system, as one would find on a ship, things become more 
co~plex. Since there are three di~erent AC voltages (each out of phase by f 120 degrees with 
respect to the other two) and no neutral wire, the voltage s u p p l i ~  to the N ~ L ~  must be line- 
to-line ~ b e t ~ ~ n  ph es ) .  Figure 2.2 repres~nts a %phase generation scheme showing phase and 
~ n ~ t u l i n e  voltages [lo]. 
Re 
For a purely resis~ive load in a %phase power system, Figures 2.3 and 2.4 apply. The 3-phase 
voltage §our~e is shown in a ('wye', ~on~guration, while the resi~~ive load is shown in a"delW 
 ration as is t ~ p i & ~  ~ n ~ o ~ ~ d  a ship' [Ill. In Figure 2.4, lin~to-line voltages are shown 
 although differ from the p r e ~ o ~  figure in that they have been moved to the  origin^ dong with 
line currents that would be   ow in^ from the source [lo]. Note that line currents are in phase with 
phase voltages ~§caled by Ohm's Law), 
I !"r 1 
It is noted from Figure 2.4, there are now three voltag~curre~t pairs that show a 90 degree 
phase shift, ~ V * ~ ,  IA)  ~ V ~ A ,  IB) ,  and ( ~ ~ ~ ,  I;=). From the previous discussion of a single phase 
§ystem, if any one of these voltage-current pairs was provided as input, the N~~~ would output 
IThe d~~erence ~ e ~ e e n  w ~ e  and delta configurat~~ns is only in their volt~ge and c ~ ~ e n t  a ~ ~ ~ ~ t ~ d e ~ ,  
not their phase re~a~ionships for an ~ n ~ o u n ~ e d  system. 
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Figure 2.4: Wye-Delta Resistive Load Phasor Diagram 
negative Q and zero P. Since the load in question is purely resistive, power must be positive P and 
zero Q. Fortunately, since the NILM outputs power data in table form, the only adjustment that 
needs to be made is one of interpretation. The column that represented P for the single-phase 
system now represents Q in the three-phase system and the column that represented Q in the 
single-phase system represents -P in the three-phase system. The relationship between line-to-line 
voltages and line currents is exploited by other commercially available products (such as the Fluke 
39 powermeter which is used to calibrate the NILM power measurements [12]). The connection 
of the Fluke powermeter is shown in Figure 2.5. 
Figure 2.5: Fluke 39 Powermeter 3-Phase Power Measurement 
- There is a drawback to this method of three-phase data collection in that it applies only to a 
balanced system. Stating that power measurements taken from these orthogonal voltage-current 
pairs is proportional to the total power consumed by a load assumes that each phase is drawing 
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the same amount of power. In p r ~ t i c e  this is ~eneral~y and appro~mately true, but if a load is 
~ ~ a l ~ c e d ,  important d ~ ~ ~ ~ c  i~form~tion could be lost due to a poor choice of the mo~~tored 
v o l t a g ~ c ~ r e n t  pair. The current ~ ~ r d w a r e  con~guratio~ f the N~~~ does not allow €or s ~ ~ m ~ n g  
of i ~ d i ~ d u a l  phase ~oading. An example of currents in a thre~phase load on~oard the research 
vessel ~~~u~~~ is shown in Figure 2.6. Note that the three phases of the motor are s ~ i ~ h ~ l y  out 
of balance as i n d i c ~ t e ~  by the ~ c i ~ ~ a t i o ~  of the curren~ sum around zero. 
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Chapter 3 
Hardware and Software for a Typical 
Inst allat ion 
3.1 Introduction - 
A complete NILM setup is comprised of commercially available hardware that is relatively easy to 
acquire, assemble, and install. Commercially available hardware was chosen because of its wide 
availability and low cost. A setup consists of a NEMA-type enclosure to house the measuring 
transducers and their associated power supply, a personal computer (PC) with keyboard and 
monitor, and an uninterruptible power supply. A block diagram for a NILM setup is shown in 
Figure 3.1 while a photograph of a typical installation is shown in Figure 3.2 
Current Output 
Power Panel 
L N G  
120v AC NEMA Box 
From Ship Service Power 
Figure 3.1: Block Diagram of Complete NILM Setup 
The personal computer used in NILM setups runs the Linux operating system. Since the 
source code for Linux is freely available, custom software to be used in conjunction with the 
NILM can be easily developed at low cost. Linux is also a very reliable system, which is especially 
important if long periods of automatic data collection are anticipated. 
Installation of a NILM setup can be accomplished using readily available hardware and tools. 
For the shipboard installations discussed in this thesis, the hardware was attached to panels, 
bulkheads, or mounting plates with nuts and bolts. Cables were strung in exising cableways. 
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~oltage and current inputs to the FC are generated by two tr~sducers.  Each of the t ra~du&ers  
employs the ~ a l l - e ~ ~ t  to produce output current  proportion^ to input voltage or ~ u r r e n ~ ~  In 
each case, the t r~sducer§ are po~ered ~ r o s s  two of their t e r ~ ~ a ~ s  by Al2V in parallel with 
capa~~tors'. The speci~c transducers used for this research were the L~~ LV 25-P to measure 
voltage and either the ~~~ LA 55-P, LA 2 0 ~ S ,  or LA 305-S to measure current. ~ p e c i ~ c a t i o ~  
for these transd~cers are listed in ~ p p e n d ~  A. 
In the case of the voltage  transducer^ pins are also provided for input voltage (line and n e u t r ~ ~  
and o u t ~ u t  current. The transducers are m~unted on a board in series with resi§t~rs that are 
§elected based on input voltage to prevent ex~eeding the tr~nsducer,s m ~ ~ m u m  current rating 
of 10 mA. A schemat~c and photograph of the voltage board is shown in Figures 3.3 and 3.4. 
The voltage board was   rig in ally designed to ~ e a s ~ r e  three phases independently, but only one 
l i ~ e - t ~ l i n e  voltage measure~ent was used for all  hipb board i~tallations. 
The ~ ~ r r e n t  transducer is placed dire~tly in the panel of the ~ o a d ~ s ~  being me~ured .  An 
ins~lated three-w~re cable is routed to the tran§d~cer to provide DC voltage and carry the o u t p ~ t  
signal back to the ~ ~ L ~ .  A current transd~cer is shown in Figure 3.5 inside of a pump contro~~er 
(vo~ ta~e  leads are also s h o ~ n  connec~ed to the other two phases~. 
'To a & & o ~ ~ ~  for any "noise" in the power s ~ ~ p ~ i e s  
Figure 3.3: Voltage Sensing Schematic 
Figure 3.4: Assembled Voltage Sensing Board 
Figure 3.5: Installed Current Transducer .e &-- I /, 
-- 
3.3 Set up/Inst allat ion 
The setup of the NILM involves using the voltage board and current transducer together with a 
power supply and wiring terminal board inside a NEMA enclosure. The line and neutral portions 
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of a grounded 120V AC power cord are atta&hed to the power supply while the ground is attached 
to the voltage board. The DC voltages o u t ~ u t  from the power supply are &onne&ted to the 
voltage board and a terminal strip to supply the &urrent transdu&er. The power supply ground is 
~nne&ted  to the w~ring terminal board. 
Uutputs from the voltage board and current transdu&er are & o ~ e & t e d  to the wiring t e r ~ i n a l  
board. Voltage drops a&ross the t e ~ i n a l  board are produ~ed by p l ~ i n g  res~stors ~ r ~ s  the 
t~rminals for the t r a ~ d u ~ e r  outputs and the power supply ~ r o ~ d .  The res~stors must be chosen 
~ a r e ~ l l y  based on the output of the transdu~ers to produce a voltage'd~op within the r a n ~ e  
~ e q ~ ~ e d  by the data collectio~ card inside the ~ o m ~ u t e r .  ~eferen&e r~ i s to r s  must dso be placed 
between the power supply ground and pin 21 of the  iring terminal board. The PCI 1710 analog- 
tudigital data card used converts an analog signal in the r a n ~ e  of -5 V to +5V to digital ~~~ounts> '  
in the range of 0 to 4 0 9 ~  counts. Table 3.1 spec~es  the ele&tr~&a~ n n e & t ~ o ~  required for a ~~~~ 
setup. 
Table 3.1: ~ lec t~ ica l  C o ~ e c t i o ~   heme ~equired for ~I~~ 
~ e t u p  
33.1 ~ ~ ~ i ~ ~ u ~  ~ ~ ~ ~ ~ ~ i u ~  
The ~ o l l o ~ n g  example illustrates proper select~on of ~ e s ~ t o r s  and a &urrent transdu&er for use 
with a load that draws 6.5 A in steady state with 450 V (rms ~ine-to- line^ applied 
1. The voltage board shou~d c o n t ~ n  three ~esistors in pa r~ le l  at the input of the voltage 
t ransdu~r.  A good rule of t h u ~ b  for sizing each of the resistors in the voltage board is 
to use ~ e ~ i ~ t a n c e s  approx~mately equal (in kSt~  to the ~~S voltage being me~ured.  For 
example> to m e ~ ~ e  450 V rms ~ n e - t ~ l i n e  vo~tages on ships, three 470 ~~ r ~ ~ s t o r s  were 
soldered into the voltage boards used. If the three para~lel  tors used are each 470 kSt 
(equi~lent r~istance = 1 ~ 6 . 6 ~ k ~ ~ ,  then the rrns &urrent through the transducer ~ o u l d  be 
2.87 mA (~50V~156,6~kSt~, 
2. The rms output current of 7.18 mA is determ~ned from the &onvers~on factor of ~500:1000 
as s p e & i ~ e ~  in ppendix A. 
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3. To size the resistor across pins 34 and 68 of the wiring terminal board, the peak voltage 
across‘the resistor can not exceed 5 V. The peak current from the rms value is 10.15 mA 
(firms), so the largest resistance that could be used is 4930 (5V/10.15mA). The maximum 
allowed measuring resistance allowed by the specification sheet however, is 1900, so that 
resistance is the largest that can be used. 
4. For &zing the current transducer, a conservative estimate of peak current draw at startup 
is 10-times the steady state value of current. The LA 55-P shoula be used because of its 
ability to measure up to 70 A. 
5. For sizing the resistor across pins 33 and 67 of the wiring terminal board, the same procedure 
as before is used with a current conversion factor of 1:lOOO. The 5 V maximum allowed 
across the resistor is divided by the peak output current of 70 mA to obtain a value of 
71.40. This is less than the maximum allowed measuring resistance specified in Appendix 
A. 
The voltages across the wiring terminal board are provided to the data collection card in the 
computer via a SCSI cable. The interior view of a NEMA enclosure containing the voltage board, 
power supply, and wiring terminal board is shown in Figure 3.6 
’;oftap 
I 
Figure 3.6: NEMA Box Containing NILM Hardware 
3.4 Obtaining Data 
, 
Obtaining data is relatively simple using the NILM menu shown in Figure 3.7’. The menu allows 
the user to collect compressed power data into one-hour “snapshots” and later write the data to 
21talicized text indicates variable information while normal text indicates information which does not I 
a CD. The menu screen provides the current date and time dong with the ~ o u n t  of data that 
has not yet been written to a CD and the n~mber of CDs needed to do so. Should the ~ o u ~ t  
of storage space on the hard drive run out, the app~ication will begin e ~ ~ i n g  snapshots starting 
with the oldest to write   ewer data. Once snapshot data has been written to a CD, it is erased 
from the hard drive. 
~ a n u d  co~lection of data is also possible by first exiting the menu system by going to the 
uption labeled  shell p r o ~ p t ” .  This places the user in the ~ i ~ m d a t a  directory. To create a 
new directory in which to place the test data, type mkdir ~ i r e c ~ ~ ~  ~ u e  and then change to 
that directory by t ~ i n g  cd ~ i r e & t ~ ~  ~ e .  To collect raw voltage and current data in ASCI2 
format, type dd i € = ~ ~ e v ~ ~ c i ~ ? ~ 0  pci2asc > ~ ~ t t ~ g e ~ & ~ ~ e ~ ~  t e ~ t ~ i ~ e .  This will result 
in ~oltage and current being recorded as two co~umns of text in the file called ~ o t t ~ g e / & ~ r r e ~ t  
t e ~ t ~ i  t e . 
To collect p rep r~c~sed  power data, type ~rep-€lush ~ d e v ~ p c i 1 ~ 1 ~  > ~ ~ ~ e r  fite. This 
will result in the f ~ d ~ e n t a ~  and first three odd harmonics of real and r e ~ t i ~ e  power being 
recorded as eight col~mns of text in the file cdled ~ ~ ~ e r  fi t e . 
It is dso possible to perf or^ both of the preceding operations s i ~ ~ t a ~ e o u s l y  by using the tee 
c o ~ ~ a n d .  To collect both voltage and c~rrent data along with preprocessed power data, type dd 
i f = ~ d e v ~ ~ c i ~ ~ i ~  [ tee  ~ ~ ~ ~ ~ g e / ~ ~ ~ ~ ~ t  ~ i ~ ~ ~ f i t e  [ ~ r e ~ - € l u s h  -stdin -p > ~~ e~ f ~ t e .  
~nfortunate~y this provides the voltage and c ~ r e n t  data in a binary f o r ~ a t ,  so to convert to a 
more useful text file type more ~ ~ t t ~ ~ e ~ c ~ ~ r e ~ ~  ~ ~ u ~ ~ i ~ e  1 pci2asc > o ~ ~ ~ g e ~ ~ ~ r r e ~ t  
~ e ~ t f i  t e - 
t e ~ t f  i t e  in a text editor and delete any non- numeric^ infor~at~on which may occur at the top 
or bottom of the data. 
To manudly write data to a CD, change back to the ~ilmdata directory by t ~ i n g  cd . 
and then creatin~ an iso file of the d~rectory by ~ p ~ n g  mkisofs -0 ~ i r e c t ~ ~  ~ ~ e *  i s o  -r -3 
~ i r e c ~ ~ ~  ~ u ~ e .  Unce the iso file is created, write to the CD by placing a blank CD in the drive 
and typing cdrecord -v -e jec t  dev=0 0 0 speed=12 ~ z r e & t ~ ~  ~ ~ e .  iso . 
In order to be able to plot the data in a p r o g r ~  like ~ ~ T L ~ ~  or Uctave) open ~ o ~ ~ u g e / & ~ ~ e ~ ~  
Chapter 4 
Cycling System Results 
4.1 Sewage System Onboard USCGC SENECA 
The sewage system onboard the USCGC SENECA was monitored because is represents an op- 
portunity to perform trending analysis on a cycling system. This cycling system is especially 
intriguing because its operation is affected not only by physical parameters (e.g., the rate at 
which the system’s two vacuum pumps raise vacuum) but also by human behavior. Monitoring 
the system’s electrical loads and trending their power usage could provide insight into the system’s 
The system consists of commodes, urinals, and drains which discharge into a vacuum collection 
tank. Vacuum is maintained in this tank by two pumps which alternately cycle to maintain 
vacuum between approximately 15 and 10 inches of mercury (in. Hg). Two transfer pumps cycle 
on and off to occasionally move waste from the vacuum collection tank to a larger sanitary tank. 
Figure 4.1 shows the system’s vacuum pumps with the vacuum collection tank in the background. 
’ integrity or provide an early indicator of changes in the crew’s health. 
Figure 4.1: Sewage System Vacuum Pumps 
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There is a complete ~L~ s y s t e ~  (as discussed in ~ h a ~ t e r  3) ~onitoring the two v a & u ~  p u ~ p s  
and two transfer pumps that comprise the electrical loads of the ~ ~ ~ ~ ~ A 7 s  sewage sytem. One LA 
205-~ current transducer is monitoring all four electrical loads. The r~sistors used for the voltage 
measure~ent, current measurement, and refer~nces are 130 Q, 66.5 $2) and 56.2 a, r~pective~y. 
Upon initid system instal~ation, the system was calibrated by ~ollecting b~anced  thre~phase 
power data with a Fluke 39 ~owermeter and compar~g it to the power  count^ o b t ~ n ~  with the 
~ ~ L ~ .  The r e s~ tan t  scaling factor between the ~easured power (1.42 k ~ )  and ~ ~ t s  ( - 2 2 ~ ~ ‘ ~ ~  
was -0.61946 ~. 
Data was co~ected in one hour  s snaps hots'^ in order to trend the cycling of e l~tr ical  oads 
(primarily the ~ c u u m  p ~ p s ) .  A typical hour of power data is shown in Figure 4.2. An expanded 
view of the first pump run in this typical hour is shown in Figure 4.3. Figure 4.2 shows that the 
~ l e & t ~ c ~  power drawn by each p u m ~  is approx~mately equal, 
Because of the relat~ve~y large power transient ~sociated with startup and the subsequent 
~ r i a t i o ~  in steady state power, pump rum like those shown in Figure 4.3 are d i ~ ~ ~ ~  to trend 
with respect to time. For this reason) a ~ A ~ ~ A ~  script entitled ~~~~ was written to accept 
an hour of ~ e w a ~ e  system “snapshot)’ data as input and ~ p r o ~ d e  th  number of pump runs and 
average run time per pump run as outputs. The chara&terist~~ of this script are as fo~lows (see 
pendix C for the script itself): 
~nscaled power data (i.e. in terms of co~nts,  not ~ or k~~ is p r o ~ s e d  into binary form 
by  signing a value of “1” to data points of greater than 500 counts and a value of “0” to 
data po~nts of less than or equal to 500 counts. The binary version of Figure 4.2 is shown 
~ 
in Figure 4.4. 
The binary power data is exa~ined for any changes from the of€ (~~ state to the on (I> 
state. Anytime in the binary data that a 0 is fo~lowed by a 1, the run ~ounter is increased 
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Figure 4.3: Vacuum Pump Start 
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-0.21 
Time (minutes) 
Figure 4.4: Binary Form of Vacuum Pump Transients 
by 1. If the first element of the binary power data is a 1, then the run counter starts with a 
value of 1 instead of 0 since a pump was already running when data collection commenced. 
0 The binary power is summed and then divided by 120 (the sampling frequency in Hz for 
the original power data) and the number of pump runs to obtain the average run time per 
pump run in seconds. 
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4.3 
The ~ n d a m e n t ~  problem with performing controlled tests on a system like the s~wage system 
onboard the ~ ~ ~ ~ C A  is control of the human e~ement. Although it is possible to insert vacuum 
leaks of various ~ u a n t i ~ a b l e  sizes into the system and then trend the resulting system cycles, 
it is not pos~ible to control the main factor which effects the ~ o ~ t  of system run time, the 
amount of usage by the ship’s crew. In order to ~etermine ffects of vacuum leaks and crew usage 
on system run times independently, the ~ A ~ ~ A ~  script € ~ u ~ h s ~ ~  was  itt ten to s i m ~ a t e  the 
system  behavior^ The simulation accepts as input the average time between system usage events 
and v a c u ~  leak rate (in inches of Hg per  minute^ and provides the number of pump runs and 
average run time per pump run as outputs. The characteristics of the simulation) which can be 
found in Appen~ix C, are as fol~ows: 
A ~ t ~ o u g h  not an explicit input, the number of ~ i n u t e s  for which the simulation runs along 
with the number of ~ a l c ~ a t i o n s  used per minutes can be varied by changin~ the parameters 
“n” and “k” , r~pectively. 
rn The simulation is written from the standpoint of p r ~ s s u r ~ ,  with pressure maintained between 
15 and 10 inches (Eg) of vacuum.  ene ever vacuum falls to less that 10 in., a pump run 
indicator is s w ~ t c h ~ d  to the “on)’ state.  hen vacuum exceeds 15 in., the pump run indicator 
switches back to the “off” state. If ~acuum should fall to Less than 7.5 in. due to a large leak 
rate or heavy system  age, both ~ u m p s  are turned on (or in the case of a pump  ready 
running, the other pump is turned on). 
To i n c r e ~ e  realism, the two pumps in &he simulation have di~erent ~ u u m  drawing rates 
(19 and 17 in. per ~ n u t e ) .  
4 
A system usage event) henceforth referred to as a “Bush” I is model~ed as a discrete v ~ u u m  
drop of 1 in. The probability of a Bush is calculated using the tr~angular probability density 
f ~ c t ~ o n  ~ p d f ~  shown in Figure 4.5. A t r ~ a n ~ l a r  probability distribution was chosen because 
it was deemed complex enough to add realism to the simulation while being simple enough 
to allow for speed of calculation. This pdf is based on the avera~e time between Bushes 
entered as input ( ~ ~ ~ ~ )  and assumes that if the probability of a Bush occurring w~thin 
~~~~~ is 0.5, then the probabi~ty of a system usage event oceurring  thin ~~~~~~ is one. At 
each point in the simulat~o~, the proba~ility of a Bush o c c ~ ~ n ~  is ca lc~ated  (based on the 
amount of time which has ela~sed since the last Bush) from the assumed pdf and  omp pared 
to a randomly generated number. If the random number is less than the ~ r o b a b ~ ~ i t y  a flush 
occurs, vacuum drops by 1 in., and the Bush counter is reset. If the random number is 
greater than or equd to the probabi~ity no vacuum drop occurs and the pro~ability of a 
flush will be s~ightly higher. 
The number of pump runs and average run time per run is ealculated from the pump run 
indicator vector in the same manner as for real data. 
A sewage system simu~ation run showing vacuum i~ormation and the pump status indicator 
are shorn v e r s ~  time in Figure 4.6. The simulation was run for an average of four minutes 




Figure 4.5: Vacuum System Usage Probability Density Function 
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Figure 4.6: One Hour of Simulated Vacuum and Vacuum Pump Cycling 
4.4 Trending of System Cycling for Various Vacuum 
Leaks 
In order to trend the cycling of the vacuum pumps with a fault in the sewage system, vacuum 
leaks of varying sizes were inserted into the sewage system onboard the SENECA. The vacuum 
leak was controlled (and quantified) by a flowmeter attached to a gauge line connection just off 
the vacuum collection tank. The flowmeter is shown in Figure 4.7. 
The throttle valve on the flowmeter was adjusted to achieve the desired flow rate and NILM 
snapshot data was collected. The flowmeter contains two different balls, one made of stainless 
steel and one made of plastic. For consistency, leak rates specified throughout this chapter are 
the leak rates read off of the plastic ball immediately after adjusting the flowmeter to a new leak 
rate. Leak data is contained in Appendix D. A snapshot of leak data is shown in Figure 4.8. 
There are two differences between Figure 4.8 and Figure 4.2 shown before, Figure 4.8 shows 
cycling of vacuum pumps on a weekday with a leak of 62.5 standard cubic feet per hour (SCFH) 
present while Figure 4.2 shows cycling of vacuum pumps on a weekend day with no vacuum leak 
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I 
Figure 4.8: ~ a ~ u u ~  P mp ~ a ~ s i e n t s  fur One Hour of ~ ~ a k i ~ ~  ~ e e ~ d a y  Use 
~ r e s e ~ ~ ~  The two hours ~ e ~ ~ e ~ e n t e d  by Figures 4.2 and 4.8 are s ~ ~ ~ r i z e d  in Table 4.1. 
36 
Table 4.1: Comparison of Two Different Hours of Data from 
SENECA 
Leak Rate (SCFH) 
Vacuum Pump Runs 
- 
0 (Weekend) 62.5 (Weekday) 
7 16 
Average Run Time per Run (seconds) 
Total Run Time (seconds) 
It can be seen from Table 4.1 that the total run time for the weekday is higher than for the 
weekend day. But is the higher total run time due to heavier usage or the presence of a vacuum 
leak? Secondly, and perhaps of equal importance, does the increased total run time manifest itself 
as an increase in the number of pump runs per hour, the average run time per pump run, or a 




4.4.1 Dependence of Total Run Time 
In order to determine the variation of total run time on different factors, the sewage system 
simulation was used to  create a large amount of data. The simulation (as discussed previously) 
was run for combinations of 13 different average flush times and 11 different leak rates. Each one 
of these combinations was run 24 times and averaged. The result of these simulation runs was 
three different 13 by 11 arrays. Each element of the arrays represents total run time, number of 
pump runs, or average run time per run for one hour of vacuum pump cycling. 
Since the ultimate goal of trending the sewage system data is to be able to detect a vacuum 
leak in the presence of system usage variations, scattergrams were produced which plotted total 
run time vs. either number of runs or average run time per run for different levels of usage with 
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Figure 4.9 indi~ates that total run time seems to be related to number of pump runs in a 
more linear fashion than the average run time per run. For higher leak rates, the total run time 
appears to only shift along the same line to higher va311m. It is for these reasons that the number 
of pump runs was focused on in the analysis of real leak data. 
4.4.2 ~ e v e ~ u ~ r n ~ ~ t  of the Leak ~ ~ ~ i ~ a ~ u r  
The following steps ~ w h i ~ h  will be dis~ussed in more depth  elo ow^ summar~ze the development of 
the leak indi&ator: 
1. ~ n ~ p s h o t  data for several hours of data is unco~pressed and run through the ~~~~ 
 atl lab script d~scussed preyiously to ~etermine the number of pump runs and total run 
time for that hour of data. This e ~ e ~ t i ~ e l y  distills an hour of power data into only two 
n ~ b e r s .  
2. The num~er  of pump runs and to td  run time is tabulated for all hours of data ~ o ~ l e ~ t ~ ~  
3. The average n u ~ b e r  of runs per hour and standard deviation in number of runs per hour 
is cal&ulated. The ayerage used was the ~ t h m e t i &  mean. 
4. A linear regr~sion is p e r f o ~ e d  on total run time YS. number of pump rum for the tabulated 
5.  The kA.c ~‘ind~~ator’, is the standard deviat~on in pump runs and the y-inter~ept from the 
hourly data. 
linear regression s u ~ t r a ~ t e d  from the average num~er  of runs per hour. 
The leak ~ndicator starts with the average num~er  of pump runs per hour and standard 
d e ~ a t ~ o n  in n ~ b e r  of pump runs as &a~cula~ated with e~uations 4.1 and 4.2. ~ ~ n s  is the 
ayerage number of p u m ~  runs, n is the n u ~ b e r  of hours under   on side ration^ ~~~s~ is the num~er  
of runs for the ith hour, and ~~~~~ is the s t a n d ~ d  ey~ation in number of pump runs. 
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i=l Runs = 
n 
Leak Rate (SCFH) 
132.5 
4 ,g (Runsi - Runs 
2=1 s Runs = n - 1  
Runs SRuns 
21.57142857 4.878749615 
Since it has already been shown that the amount of pump run time is directly related to  
number of pump runs, it was felt that the average number of pump runs was a logical starting 
point for analysis. After calculating the statistics (Runs and S R ~ ~ ~ )  for the number of pump runs, 
it became clear that the average number of pump runs could not be used alone as an indicator of 
a vacuum leak. The statistics for the number of pump runs are summarized in Table 4.2. 
Table 4.2: SENECA Vacuum Leak Statistics 
As seen in Table 4.2, the average number of runs for the leak rate of 102.5 SCFH does not 
follow the trend evident in the rest of the table. It should also be noted however, that the standard 
deviation in the number of pump runs for the 0 and 102.5 SCFH leak rates is much lower than the 
other leak rates. The previous observations are shown in Figure 4.11 with the pump run statistics 
used to plot normal distributions (see [13]) in accordance with equation 4.3. It should be noted 
that plotting the pump run statistics as a normal distribution is for illustrative purposes only since 
there were no tests to determine if the pump run data actually followed a normal distribution. 
The difference in both the average number of pump runs and standard deviation in pump 
runs is due to the day of the week that the data was taken. 
Since the ultimate goal of trending the leak data was to develop a parameter which detected 
the presence of a vacuum leak regardless of the amount or variance in system usage by the crew, 
the standard deviation was subtracted from the average number of pump runs to negate the 
difference between weekend days and weekdays. Since a vacuum leak is a continuous drain on the 
system and therefore does not affect the system differently from one hour to the next, performing 
this subtraction removes a value which is only affected by crew usage. The standard deviation in 
-,number of pump runs subtracted from the average number of pump runs is dubbed the “pump 
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The next step of deve~opi~g a leak i ~ d i e a t ~ r  was to plot the total run time vs. 
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Figure 4.12: 
~ U ~ ~ i ~ i U ~ S  
~ ~ a t t e r ~ a ~  of Tut l R ~ ~ ~ i ~ e  vs. ~ u m ~ e r  of Runs fur Three Real Leak 
Even t h o u g ~  the data shows more s~a t te r  than in the s i ~ u ~ a t e d  case', it still shows a g e n e ~ a ~ ~ y  
Enear trend. A least squares linear regr~ssion was   here fore p e ~ f ~ r ~ e d  in aeeordanee with [I31 for 
'This could be a result of the s~rn~Ia t~on bei g too ~ ~ ~ ~ l ~ ~ t ~ c  or unable to accou~t for d~ of the corn- 
~ ~ e x ~ t ~ e s  of the red systern \ 
J 
total run time vs. number of runs to determine how the slope and y-intercept varied with leak 
rate. 
The following is an outline of the linear regression process: 
1. It is desired to fit the data to an equation of the form 
So that the total amount of deviation between the regression line and the observed points 
as given in equation 4.5 is minimized. 
n 
s (Po, P1) = c [Yi - (Po + P1Xi)I2 (4.5) 
i=l 
2. To minimize the value of S with respect to both PO and PI, the partial derivative of S with 
respect to PO and is set to zero. 
n 
= 2 c [Yi - (Po + PlXi)] (-1) = 0 8s (Po,  P1) W O  i=l 
n 
= 2 c [Yi - (Po + PlZi)] (-Xi) = 0 8s (Po,  P1) Wl i=l 
3. Rearranging results in two equations in terms of DO and D1. 
n n 
i=l i=l 
n n n 
i=l i=l i= 1 
4. This results in the following expressions for ,& and ,&. 
n c (Xi - q Yi 
c (Xi -:)2 
B1 = i=l 
n 
i=l 





Table 4.3: Leak Data Linear ~gressions of Total Run Time 
(x) vs. ~ ~ b e r  of Pump Runs (y> 
Table 4.3 shows intercepts that are all non-zero. Since the y-axis in the linear regression is 
number of pump runs, the interpretation of non-zero intercepts is that for zero total run time, 
there will be more than zero pump runs. There me two p ~ s i b l e  xpl~ations for this p~enomenon. 
 ith her there is a leak in the system other than the one placed in it for testing or the ~ e h a ~ o ~  of 
the system for low total run times is non-linear. 
Since in reality there would be zero pump runs for zero total run time, the y-axis sho~ld be 
~ ~ ~ e d  u p w m ~  by a correct~on factor equal to the y-intercept for each of the data sets  ons side red. 
So the final leak indi~ator is the pump run lower bound diseussed above minus the y - ~ t e ~ c e p ~  
from the linear regression of total run time vs. number of pump runs as shown in equat~on 4.12. 
~~a~ I ~ d ~ & ~ t ~ r  = ~~~~ - ~R~~~ - ~ 4 . ~ 2 )  
This find number is an indicator of ~ ~ u n t  of v ~ u ~ m  pu p cycling above the nuey~ling 
level. The leak ind i~a to~ is p~otted vs. leak rate in Figure 4.13 for the leak data taken aboard the 
Leak Rate [SCFHj 
I I--)-SenerSj 
Figure 4.13: Leak Rate vs. Leak “ ~ ~ ~ i ~ ~ ~ o r ’ ~  
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4.4.3 Validation of the Leak Indicator 
In order to verify the ability of the the leak indicator to show the presence of a leak regardless 
of the amount of system usage, more simulation data were created. Weekend and weekday data 
were simulated for 24 hours for several different leak rates and the leak indicator calculated. The 
weekday simulations had a lower average time between flushes with a higher variation in time 
.I. between flushes while the weekend simulations had a higher average time between flushes with a 
_- lower ~ variation in time between flushes (see Appendix D). The weekday and weekend results are 
shown in Table 4.4 and Figure 4.14. 
Leak Rate Weekday Leak 
(in. Hdmin.) “Indicator” 
Table 4.4: Leak Indicator Summary 
Weekend Leak 
“Indicator” 
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Figure 4.14: Leak Rate vs. Leak “Indicator” for Simulation Data 
It is encouraging to note from Figure 4.14 that as with the leak indicators developed for the 
actual shipboard data, there is a fairly linear relationship between leak indicator and leak rate 
independent of system usage. It is also important to note that the leak indicators for the weekend 
and weekday cases are very similar for the two no leak cases. 
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. . 
The results p r ~ e n t e d  previo~sly in this chapter show the ex~stence of a leak indi&ator for cy&~ng 
~ y s t e ~  that can be used to detect a fault in the system. This leak indicator uses the stati~tics 
of pump runs to arrive at a figure of merit which does not depend on the amount or  atio ion in 
~ystem   age. 
The leak i n d i ~ t o r  was   eve loped from a purely em~i r~ca l  s t a n d ~ o ~ n t  based on observat~ons 
made from ~ l l e & t e d  ata and physical reaso~ng. The best way of d~terminin~ its a ~ ~ ~ i t y  to 
detect faults is to take data on others system that involve cycling com~onents 
1- Chapter 5 
Fluid System Results 
.- 
5.1 ASW System Onboard USCGC SENECA 
The auxiliary seawater (ASW) system onboard the USCGC SENECA provides cooling for all 
heat loads onboard the ship other than those associated with the main engines. Heat loads 
cooled include the HVAC units, refrigerators and freezers, diesel generator air coolers, and diesel 
generator lube oil coolers. Suction to the two ASW pumps is taken through two supply lines 
from the bottom of the ship through suction screens, isolation globe valves, suction strainers, and 
butterfly valves. The isolation globe valves determine which suction is providing ASW cooling 
while the butterfly valves allow isolation of the strainers for cleaning. A butterfly valve across 
the inlets also allows cross-connecting the system to provide redundancy. Changing the flow rate 
is accomplished by throttling two butterfly valves at the outlets of the two pumps: a pump is 
started with the overboard throttle valve completely open and the heat load throttle valve shut, 
then the heat load throttling valve is opened and the overboard throttle valve is partially shut. 
The overboard valve is throttled until a pressure gauge in the supply line for the heat loads shows 
a pressure of approximately 35 psig. Figure 5.1 shows a one-line diagram of the system while 
Figure 5.2 shows some of the components at the inlets to the pumps. 
. 
Heat Load 





Figure 5.1: ASW System Schematic 
Since seawater cooling systems are common across a wide range of ships, monitoring the 
seawater cooling system on a ship with many heat loads was seen as an opportunity to examine 
how the power usage of the pumps that maintain flow in the system varies with changes in the flow 
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character~tics upstream and downstream of the pumps~ ~ p e c i ~ c ~ l y ,  it was desired to know how 
pump powe~ would change for di~ering ~ o u n t s  of Bow that was sent to heat loads, clogging in the 
inlet s t ra~ers ,  sudden rapid failure of the coupling beween ~ o t o r  and pump, and Bow b l o c ~ g e  
that might occur in any of the heat loads. The last item was especially important because several 
crewmembers of the ~ S ~ G ~  ~~~ ~A had made reference to mussels growing inside the e n d ~ e ~ ~  
of tub~and-shell heat excha~gers in the diesel  ene era to^ and the ~ ~ A C  units. It was there€ore 
deemed ~pecially important to focus attentiun on this pro~lem to provide a p o ~ ~ i ~ l e  prediction 
of heat exchanger f o ~ i n g  well in advance uf a rise in temperature. 
The ~~~ i ~ t a ~ l a t i o n  for the  AS^ system uses one voltage t r a ~ d u c e r  and two curren~ 
transd~cers to monitor the two seawater pumps that pressurize the supply header. Since there is 
no one panel that suppli~s both of the p u m ~ s  (for reliability~, one LA 305-S current t r a ~ d u c e r  
had to be placed in each pump controller and the output comb in^ at the ~~~~ box. The r~is tors  
used for the voltage measurement, c ~ r e n t  ~easurement, and re€erences are 130 $2, 7.5 $2? and 
56.2 $2$ respectively. Upon initial system inst~lation, the system was cali~rated by ~l lect ing 
b ~ a n c ~  t h r ~ p h a s e  power data with a Fluke 39 ~owermeter and comp~ing  it to the power 
~ounts  ob~a~ned with the ~~~~. The r ~ u l t a n t  scaling factor between real power (29.5 k~~ and 
c o ~ t s  ( ~ 1 ~ 0 . ~ ~  was 7.11 ~* 
The A~~ system onboard the ~~~~~A is very prom~sing as a system on which tu conduct 
research into the relat~onships between fluid d y n a m i ~  and electr~cal power  age, but there are 
a few drawbacks: 
~ ~ l a b ~ l i t y .  The ~~~~~A is only available for short periods of time while in port. This 
coupled with the very ~ggressive ~ ~ n t e n a n c e  and repair schedule while in port means that 
crewmembers have very little time in their busy s c h e d ~ e  to assist with data ~ ~ e c t i o n .  
~omplexity. Since the  AS^ system is sized to cool many d i ~ ~ r e n t  heat loads d l  around 
the ship, the sys~em contains a large number of comp~nents as well as a large ~ o u n t  of 
piping. As a result, there are complex interactions in the system which can be d i ~ c ~ t  to 
model or predict. Also, the effect of a small change in one of the many components may 
not be significant enough to be noticed in the power signature of the pumps. 
0 Controllability. In order to predict the response of the ASW system to specific faults, 
it would be necessary to take test data with those faults inserted into the system. For 
example, to see how mussels growing inside of a diesel generator lube oil cooler effects the 
power signature of the two pumps, it would be necessary to clog tubes in the heat exchanger. 
Since this is impractical, the clog can only be simulated by throttling the inlet valve to the 
heat exchanger. Although it might be possible to create the same pressure drop across the 
heat exchanger by doing this, it is does not necessarily reproduce the more complicated 
hydrodynamic phenomena (or the same phenomena) that occur when tubes are actually 
blocked. 
:\:- 
Because of the limitations stated above, a fluid test system was constructed to collect data in 
the laboratory. Such a system has unlimited availability, a relatively low number of components, 
and a much higher level of controllability (in the sense that it is easier to change the fundamental 
characteristics of the components that comprise it). 
The fluid test system that was constructed consists of a three-phase 0.5 hp pump that takes 
a suction on a large water reservoir, pumps the water through some combination of three parallel 
flow paths, then returns the water to the water reservoir. A one-line diagram of the fluid test 
system is shown in Figure 5.3 while Figure 5.4 provides a front view. 
“Heat 
Water 




Figure 5.3: Fluid Test System Schematic 1 
The pump suction run consists of a 0.75 in. globe valve attached to 1 in. PVC piping. A 
small ball valve and plastic tubing are provided to easily drain the system when not in use. The 
pump outlet piping consists of three different branches, each consisting of .75 in. copper tubing 
with a .75 in. globe to provide isolation and throttling. 
1 -  Two of the branches contain “heat loads” while the third branch returns directly to the water 
reservoir. One of the two “heat load” branches is a section of pipe which makes seven 180 degree 
turns to mimic the construction of a water-to-air heat exchanger as one might find in the generator 
section of a diesel generator. 
The other “heat load” branch is constructed as a tube-and-shell heat exchanger, as one might 
use to cool lubricating oil in a diesel engine or refrigerant in an HVAC plant. The heat exchanger 
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(hence€orth abbrevia~ed EX) consists o€ seven 0.5 in. PVC tubes a t ~ a ~ h e d  to tubesheets at both 
ends, ~ o u n t e d  inside of a 4 in. PVC tube. Figme 5.5 shows the E X  prior to assemb~y' 
Figure 5.5: Fluid Test ~ y § t e ~  HX Prior to ~~~~~~~y 
~ a t e r  in the test s~s t em flows through -75 in. copper piping, into the 4 in. inlet HX endbell, 
through the inside of seeven 0.5 in. PVC tubes, into the 4 inch outlet EX end bell^ and ~na l ly  
through a run of .75 in. copper piping back to the water r~servo~r. This   ow path ~epresents the 
flow o€ the cooling m e d i ~  (such as s~awater) through the EX. Since the pheno~ena o€ i~terest 
are hydrodynami~ and not thermodyna~ic, the HX was not ~ ~ i g n e d  to actually transfer any 
heat. If it had been  signed to do so, there would be a second flow pat^ in which the fluid being 
cooled w o u ~ ~  flow around the o u ~ s ~ d e  of the small tubes, which would be made of copper (or some 
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other metal to provide a high coefficient of heat transfer) and not PVC. 
Electrically, the pump power and NILM monitoring are combined in a single NEMA enclosure. 
The enclosure contains the components for a NILM box discussed in Chapter 3 as well as a three- 
phase switch and an LA 55-P current transducer. The resistors used for the voltage measurement, 
current measurement, and references are 130 R, 66.5 R, and 56.2 R, respectively. Upon initial 
system construction, the system was calibrated by collecting balanced 3-phase power data with 
-3 Fluke 39 Powermeter and comparing it to the power counts obtained with the NILM. The 
+esultant scaling factor between real power (152 W) and counts (-440.58) was -0.345 count. Watts ‘i? 
5.3 Building a Centrifugal Pump Simulation 
A simulation of a centrifugal pump startup was developed for the following reasons: 
0 Simulations based on physical principles offer a means of validating understanding of the 
system upon which they are based. 
0 They offer the ability to quickly collect large amounts of simulated data while varying many 
different parameters, often in an automated fashion. 
0 They provide an approximation of system behavior for situations which are not possible or 
feasible to reproduce in the laboratory (especially catastrophic failures). 
The simulation that was constructed takes known parameters for an induction motor and 
couples them to a fictitious pump impeller which is geometrically similar to the pumps onboard 
the SENECA. The motor model from [15] is a fifth-order model of an induction motor with a 
rated power of 3 hp. Since pump curves for the ASW pumps onboard the SENECA were available 
in [16], it was possible to scale the pump impeller to the much smaller motor. The pumps onboard 
the SENECA are powered by 40 hp induction motors, but the operating point specified in [16] 
corresponds to a brake horsepower (BHP) of only 31 hp. Using the same ratio of motor power to 
pump BHP, it was decided that the scaled pump head would therefore have a brake horsepower 
of 2.25 hp. The ASW pump motors also have two poles versus the simulation motor’s four, so the 
simulation pump was assigned an operating speed of 1775 revolutions per minute (rpm) versus 
the ASW pump’s 3550 rpm. 
5.3.1 Inertial Considerations 
The first consideration when adding a pump impeller to an electric motor is the additional moment 
of inertia added by the pump impeller itself as well as the moment of inertia added by the water 
being pumped. The first step in estimating these two moments of inertia was to determine the 
pump impeller diameter through geometrical scaling. The diameter of the pump impeller was 
scaled using the power Coefficient given in [l] by equation 5.1. 
P cp = ~ 
pw3D5 
Maintaining this coefficient constant for the same pumped fluid leads to an expression for 
.the diameter of the scaled pump impeller as shown in equation 5.2. The calculated value of the 
simulated pump diameter was 5.30 in. 
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Given the diameter of the pump impeller, a thre~dimensional model was created in Rhino 
3330 soft ware^. This  pro^^ was used because its built in anal~sis ~nc t ions   lowed easy 
calculation of the impel~er’s moment of inertia. The pump impel~er from the fluid test system 
d~cr ibed  earlier was used as a model for the geometry of the simulated impeller. The only 
~ i ~ e r e n c e  was that the s im~ated  pump impeller is des~gned with an additional plate on the inlet 
side of the rotor to make it a “closed rotor” design instead of the “open rotor” design used in 
the fluid test s~stem. It was felt that this was much closer to the style of impeller used on larger 
p ~ p s  like those found in the  AS^ s~s tem of the ~ ~ ~ ~ C A .  In addition to having the scaled 
d i ~ e t e r  determined previously~ the front and back plates are -25 in. thick with vanes .5 in. thick. 
There is a -5 in. diameter hole in the back plate for the motor shaft and a 1 in. diameter hole 
in the front plate as an inlet into the center of the ~mpeller~ The fluid test s ~ t e m  impeller and 
s ~ u l a t ~ o n  im~eller are shown in ~igures  5.6 and 5.7, respectively. The simulated pump impeller 
is shown with the i~let-side plate removed. 
Figure 5.6: Fluid Test ~ y ~ t e m  Pump ~mpel~er 
As stated before, moments of inertia were ca~culated from the rendering progra~.  A solid 
disk encompass~ng the entire p ~ p  rotor was first created and its second moment of volume 
ca~cu~ated. The second moment of volume for the pump impeller was sep~rately calc~ated and 
~ u ~ t r ~ t e d  from the total disk moment to arrive at a second moment of volume for the entrained 
water. These second  moment^ of volume are purely geometr~c ~ u a n t i t i ~ ,  so had to be mul~iplied 
by m a t e r ~ ~  d e ~ i t ~ e s  to asrive at moments of inertia. ~ e n s i t i ~  of 14 and 7.85 5 were used to 
9 arrive at moments of inertia of ~ . ~ ~ ~ 3 ~ ~  kg - m2 and ~ * ~ ~ 3 ~ ~  kg - rn for the water and impe~ler~ 
respectively, The d u e  of d e ~ i t y  for the pump impel~er assumes that it is made of s t ~ i n l e s ~  steel. 
An   tern ate method of determining the moment of inertia for the pump impel~er and en t r~ned  
water from [17] is showin in e~uation 5.3. P in the e ~ ~ a t ~ o n  is the shaft power in kW and N is 
the rotational speed in rpm. 
~ 5 . 3 ~  
l ~ ~ n ~ ~ A ~  is a product of Rabert  eel and ~ s ~ & ~ a ~ ~ ~  
. tie 
.&. 
Figure 5.7: Simulated Pump Impeller 
According to [17], the formula was developed from a linear regression of “ ... 248 data points 
from 5 different pump manufacturers”. Using a shaft power or 1.679 kW (2.25 hp as stated earlier) 
and a rotational speed of 1775 rpm yields a moment of inertia of 0.0119 kg - m2. This value is 
over 2.5 times larger than the value calculated before. This formula was not used since there 
is not enough known about the type of pumps considered in the development of the empirical 
relationship. Specifically, there is not description of the type of pump impellers used and it was 
not known if pumps of low power (less than 5 hp) were included. 
5.3.2 Hydrodynamic Considerations 
To determine the amount of torque on the pump impeller as a function of speed, the power 
coefficient of equation 5.1 was again employed. In this case, it is not maintained constant for 
two pump impellers which are geometrically similar but for a pump impeller rotating at different 
speeds. Since the density of the fluid and pump impeller diameter do not change with speed, 
equation 5.1 reduces to equation 5.4. 
Since mechanical power is just the torque placed on the rotor times its angular speed, this 
further reduces to equation 5.5. 
Dividing through by the angular speed gives an expression for torque in terms of angular 
speed as in equation 5.6. 
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Final~y, since it was decided that the pump would draw 2.25 hp at 1775 rpm (1~5.88 *), the 
final express~on for torque is developed in equation 5.7. It should be noted that this development 
of torque vs. ~ g u l a r  speed is inherently quasi-steady. ~pplying this relatio~hip to determ~ne 
the h y d r o d ~ a ~ i c  torque assumes that the stator is ~ tepp~ng through a series of steady states as 
it speeds up w~thout any co~ideration of more complicated hydrodyn~ics such as transitions 
from laminar to t ~ b ~ e n t  Bow. This is adequat~ however, because the simulation was used to 
explore changes in steady state power levels, not c h ~ g e s  in the start up trans~ent €or the pump. 
I 
T = 0 . 0 0 0 ~ 6 1 ~ ~  (5.7) 
The scripts used to implement the c e n t r ~ ~ g a l  pump simulation are c o ~ t ~ n e d  in ~ p p e n d ~  E. 
5.4  tea^^ State Plower Level as an ~ n ~ ~ c a t ~ ~  of Pump 
There are €und~entally three ~~ba~ds ' ,  of p u ~ p  ower discussed in this section. The first is the 
band that corresponds to operation with the overboard valve throttled to v ~ i o u s  levels. This 
normal o~eration band can be used to predict the totd amou~t  of Bow from the p u ~ p .  The 
second band corresponds to a problem on the inlet side of the pump, such as a clogg~d inlet 
s t r~ne r ,  resulting in a lower steady state power. The last band is below the second power level 
and corr~ponds to a problem with the coupling between the pump motor and the pump impeller, 
For this last case, power levels during an uncoupl~g even drop below zero. 
Test Data 
One of the first goals of plac~ng the ~~~~ on the ~~~ system of the ~ E ~ E ~ ~  was to see if 
steady state d u e s  of power could be used as an ~dica tor  of Bow t ~ o u g h  the s y s t e ~ =  To that 
end, the system w~ run with the overboard valve t h r o t t l ~  to ~ ~ o u s  degrees and power data 
collected. An ~~A~ unit and two diesel generators were digned to the system as heat loads. As 
pre~ously d~cussed, the ~verboard valve is throttled to control the ~ o u n t  of Bow to the heat 
loads in the system, If the overboard valve is throttled down, there is less water Bowing direc~ly 
over the side and there€ore more water  owing to the heat loads (see Figure 5.1). 
The overboard th ro~ t l i~g  valve is a butterBy valve that has discrete setti~gs from notches cut 
in the operat~ng handle. A valve o€ this type (but not the actual valve in  question^ is shown in 
Figure 5.8. 
For each sett~ng of the over~oard throttling valve, the pump discharge  pressure^ heat load 
pressure (pr~ssure down st re^ of the heat load throttl~ng valve), and pump power were colle&ted. 
The values of the p r e s s ~ e  gauge zeroes were 3.0 psig, 1.5 psig, and 6.0 psig for pump one discharge 
pressure, pump two discharge pressure, and heat load pressure, respectively, These zeroes were 
~ u b t r ~ t e d  from the read~ngs taken from the gau~es to remove hydrostatic pressures €ram the 
r~adings (as well as account for errors in the ga~ge  zeroes~. Table 5.1 summari~es data recorded 
for ~~~ pump one. 
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Table 5.1: Pressure and Power Data for Throttling of Over- 
board Valve 
Pressure (psig) Pressure (psig) Power (kW) 
32 7.75 28.43 
32.5 8 28.21 






32.5 8.2 28.18 
33 9.5 28.01 
34 12.5 27.87 
35.5 17.5 27.17 
41.5 30.5 26.68 
Use of Pump Curves to Determine Flow 
Pump data was available for the ASW pumps in [16], so the pressure information in Table 5.1 was 
converted into flow rates. Among the “pump curves” plotted in [16] is the total discharge pressure 
o&,the pumps plotted vs. flow rate. Points on this curve were fit to a third-order polynomial in 
MATLAB to arrive at equation 5.8. In the equation, TDH is total discharge head (the terms 
“head” and pressure will henceforth be used interchangeably) in feet of water while Q is volumetric 
flow rate in gpm. 
TDH = -3.3508. 10-’Q3 + 9.9359. 10-6Q2 - 4.7494 ’ 10-3Q + 110.16 (5.8) 
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- - . .. . . . 
For each value of d ~ s & h ~ ~ e  head ~ o ~ ~ e c t ~  ~nboard the S~~~~~~ the value o€ Bow rate was 
&al&ulated by solving for the Bow rate that would lead to that TDH in equat~on 5.8. This Bow 
rate how ever^ r e p ~ ~ e n t s  the total Bow rate & o ~ ~ n g  out of the pump, not the amount of Bow going 
to the heat loads. 
~nfortunately~ there are too ~~y variables to &al&ulate the amount of Bow going to the heat 
bad  bran^ from only two ~ressure r e a d ~ n ~ .  In order to &al&ulate the ~ o u n t  of Bow going to 
that b ~ a n ~ h ,  it would be necessary to know the loss .coe~&ient§ €or each of the three s e & t i o ~  of 
pipe invo lv~  ~ p ~ p  outlet to split, split to ~verboard, and split to heat loads). 
The Bow rates &al&ulated using eq~ation 5.8 from the c o l ~ ~ t ~  data is shown in Table 5.2 and 
Figure 5.9. 
Table 5.2: Power and Flow Data for Thrott~ing of U~erboard 
VdVe 
Figure 5.9: Flow vs. Power for ~~~ Pumps 
All of the pre~ous  data and d~s&ussio~ were from tests run on pump one. The test~ng of pump 
one followed the expected trend of pressure (at the pump discharge and in the heat load line) 
increasing as the overboard valve was throttled shut. The data also showed an expected decrease 
in required power for a decrease in flow rate. The data collected for pump two however, did not 
follow these trends. An error in testing may be the culprit, although crewmembers onboard the 
SENECA also expressed very little confidence in the accuracy of pressure gauges in the system. 
Performing these tests again should be a high priority in future ASW system tests to validate the 
data collected for pump one. 
Verification of Results using the Fluid Test System 
A similar set of tests was conducted for the fluid test system. The system was operated with water 
flowing through the “aircooler” and straight branches while power data was collected. As on the 
SENECA, the straight branch that returns water directly to the water reservoir was throttled 
to various levels. Unlike the ASW system onboard the SENECA, the valves involved are globe 
valves, so a restriction of fluid flow only occurs when the valves are nearly shut (there are 9 turns 
from fully open to fully shut). Unfortunately, there are no pressure gauges in the system, so a 





Table 5.3: Power Data for Throttling of Straight Qeturn 





The table indicates a trend consistent with data collected from the SENECA. There is clearly 
a decrease in power required to run the pump as more flow is sent through the “aircooler” branch. 
5.4.2 Prediction of Inlet Strainer Clogging 
Simulated Clogging in ASW System 
In addition to a change in head loss at the outlet of the ASW pumps being reflected in pump 
power, it was expected that a change in head loss at the inlet of the ASW pumps would also be 
seen in pump power. This change could be used as an indicator for a blocked suction screen or 
clogged inlet strainer. 
To simulate clogs in the inlet strainers of the ASW pumps onboard the SENECA, the strainer 
isolation valves were throttled to the 3/4 shut position with the pumps off. The pumps were 
each started in this condition and the power data collected. In each case, there was a marked 
decrease in the power level drawn by each of the pumps. An example of a pump start with the 
inlet throttled (and a normal start) is shown in Figure 5.10. 
It is noted from Figure 5.10 that the t r ~ s i e n t s  themselves are very s i m i l ~ ,  it is only the 
steady state power level which is signi~cantly d ~ ~ e r e n t ~  For the pump start on pump one with the 
strainer iso~ation valve throttled to 314 closed, the average of ~ 0 0 0  points of steady state power 
data is 19.96 kW. ~e€erring back to Table 5.2 shows that this is nearly 7 k W  lower than the lowest 
normal steady state power level for that pump. This shows that it is po~sible to d ~ s t i n ~ ~ h  a 
fault condition like a clogged inlet strainer from the normal range o€ steady state power levels. 
~ i ~ u l a t ~ ~  ~ logg~ng  in Fluid Test ~ystem 
As with the A ~ W  system onboard the ~ ~ ~ ~ ~ A ,  the fluid test system in the laboratory was also 
started with the pump inlet valve throttled. The pump was started with the pump inlet d v e  
opened only 0.5 turns and the power data collected. An e x ~ p ~ e  of a pump start with the idet 
t ~ o t t l e d  is shown in Figure 5.11 
As with the pump starts from the  AS^ system, the transients are similar while the steady 
state power level is di~erent. For the pump start with the pump inlet valve throttled to 0.5 turns 
open, the average of ~ 5 0 0  points of steady state power data is 611.3 ~. ~ e f ~ r r i n g  to table 5.3 
shows that this is over 80 ~ lower than the lowest normal steady state power level for the pump. 
This corroborat~ the idea that a clog~ed inlet stra~ner or other obstru~tion in the inlet line is 
distinguishable from the normal range of steady state power levels. 
Head Loss at the Inlet ofa Pump vs. the Outlet 
The natural ~uestion now is: ' ' ~ y  should a change to the system at the inlet side of the pump 
have a more prono~nced effect than a change at the outlet side?" After all, both are changes to the 
amoun~ of Bow resistance in the  system^ Althou~h as stated in [18] the total ~ o ~ t  of head loss 
in a fluid system is the sum of the head loss upstream o€ the pump and the head loss d o ~ s t r e a m  
of the pump, the pump must have a m~nimum ~ r ~ s s u r e  at its inlet to ~ n c t i o n  pro~erly, 
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Figure 5.11: Throttled Inlet Starts for Fluid Test System 
On the suction side of a pump, low pressures are created. If pressure falls below the vapor 
pressure of the fluid, bubbles of water vapor are formed in a process called cavitation. For 
centrifugal pumps, the minimum pressure required at the pump inlet to avoid cavitation is termed 
the net positive suction head required (NPSHR). If a large pressure drop occurs somewhere 
upstream of the pump (like that caused by a clogged inlet strainer), the available net positive 
suction head (NPSHA) may fall below the NPSHR and cavitation occurs. If cavitation occurs 
in the pump inlet, the hydrodynamic resistance may fall sharply since the average density of the 
fluid is greatly reduced by the presence of vapor bubbles. This will lead to a sharp decrease in 
the amount of power required to run the pump. 
5.4.3 Prediction of Pump Uncoupling 
ASW Pump Uncoupling 
The ASW pumps onboard the SENECA do not have a rigid connection between the pump motor 
and pump impeller. Instead, a flexible coupling is provided between the two. Couplings of this 
kind are usually used to reduce the vibration transmitted down a shaft or to prevent an over- 
torque condition. The coupling is a thick rubber ring with teeth on the inside and outside edges. 
These teeth sit in grooves in cast-iron flanges that are connected to the pump motor and pump 
impeller shafts. An example of the coupling used to connect the pump motor and pump impeller 
is shown in Figure 5.12. 
Since the coupling is actually composed of two halves, a metal ring is used to hold the two 
halves together. This ring can slip off during operation, causing the pump motor and impeller to 
become uncoupled. According to a ship’s crewmember “...when it breaks it is not a clean break so 
when two high spots meet it grabs until they slip by.” 1191 During the performance of tests onboard 
the SENECA, a pump start in which the motor and impeller came uncoupled was captured and is 
presented in Figure 5.13. The second trace appears to be the coupling still making some contact 
with the flange after the initial uncoupling, exactly as described by the crewmember. 
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Figure 5.13 also ~ n ~ l u d ~  a start  mediately after the uncoupling occurred in which the motor 
is c o ~ p l e t e l ~  ~ n c ~ u p l e d  from the p u ~ p  i~peller. Accordi~g to the s m e  crewmem~er~ this is also 
a ~ o s s ~ ~ ~ l i t ~  if the se  screw hold in^ the metd flange to the motor shaft ~omes  loose: “I have not 
had any ~ r o ~ ~ e ~ s  with the set s ~ r e ~ ~  but they have in the past and the shaft will just spin in the 
coupling=” 1191 
Figure 
-- 1 I 
I 1 
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Simulated Pump Uncoupling 
This uncoupling event was reproduced by the pump start simulation developed earlier. To repro- 
duce the pump uncoupling, the hydrodynamic counter-torque and moment of inertia were both 
removed at 0.8 seconds into the simulation. At 0.75 seconds into the simulation, they were par- 
tially re-inserted. This means that a random number between 1 and 0.9 was used as a multiplier 
of the moment of inertia and the hydrodynamic counter-torque. A set of simulated starts similar 
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Figure 5.14: Simulated Pump Starts for Various Levels of Coupling 
The simulated pump starts produced in Figure 5.14 exhibit the same behavior as the ASW 
pumps shown earlier in Figure 5.13. It is to note the large decrease in pump power when an 
uncoupling occurs. This decrease is even larger than would occur for a clogged inlet strainer at 
the inlet side of the pump, indicating that an automatic data collection system should be able to 
distinguish between a clogged inlet strainer and the pump impeller becoming uncoupled. 
5.5 Power Spectrums as an Indicator of Fluid System 
Blockage 
Although the previous section showed that steady-state power level can be used as a way to 
determine the status of the fluid system, they were all based on large changes to  the head loss in 
the system. Small changes to an individual component in the fluid system however, can represent 
much more subtle differences. 
After the success of the NILM to detect changes in the fluid system at the inlet or outlet 
of the pumps, it was decided to see if the NILM could detect changes at the heat loads of the 
system. To this end, one of the air conditioning (HVAC) units along with two ship service diesel 
generators (SSDGs) were aligned to the system. The amount of ASW flow to the heat loads was 
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then throttled in v a r i o ~  c o ~ b i n a t i o ~  and the ste~y-state power level recorded. The results are 
s u ~ ~ a r i z e d  in Table 5.4. The data is for two minutes of ste~y-state operation. 
~ u ~ d ~ ~ i u ~  Mean Puwer ~ ~ ~ d a r d  ~ ~ v ~ a ~ i u ~  
~k~~ u € P u ~ e r  ~k~~ 
As Table 5.4 ~dicates,  there is a di~erence in the amount of steady state power level drawn for 
~hrottled Bow to the v a r i o ~  heat loads, but it is not sign~cant &o~pared the standard deviation 
No Thro~t~ing 
in the power data. The interpretation of this table is that it is not ne&essari~y possible to see a 
change in the ~teady-state power level outside of that power level’s noise for a change in the Bow 
level to a heat load. 
24.43 I 0.75 
5-5.1 Fan Data 
The first indication that the fre~uency eontent of a power s i ~ a t u r e  could c o n t ~ n  vital information 
was from a Auid system that p u ~ p e d  air and not one that p u ~ p ~ d  water (co~idering both air 
SSDGs Throttled 
and water as Auids; one compressible~ the other not). A ~~~~ setup was installed at a large fan 
that is part of the S ~ ~ ~ ~ A , s  ventilation sys t e~ .  Although the ~~~~ was o r ig~n~ ly  installed 
to d e t e ~ ~ e  if clo~ged inlet filters could be detected, the shape of the fan’s startup transie~ts 
~dicated that there were some osc~llations in the power drawn by the fan. An illustration of the 
fan is shown in Figure 5.15. 
One LA 205-S current transducer is ~onitoring the current to the fan. The res~~tors used for 
the voltage measurement, current  measurement^ and re€erences are 130 R, 66.5 $2, and 56.2 R, 
respectively. Upon initial s y s t e ~  i~tallation, the system was c~ibrated by &ol~ectin~ balanced 
thre~phase power data with a Fluke 39 ~ o w e r ~ e t e r  and c o ~ p a r ~ g  it to the power c o ~ t s  obta~ned 
24.37 0.96 
with the ~~~. The resultant scaling factor between real power (1.99 k ~ )  and counts ~3099.5) 
The fan was run with no filters i~ ta l led ,  four filters ~ ~ t a l l e d ,  and with two of the filters covered 
with cardboard (to s i ~ u ~ a t e  bloc~ge). The ~equeney spec t ru~  of power data for the ste~y-state 
operat~on and start t r a ~ ~ e n t s  were then created using a discrete four~er t r a ~ € o r ~ a t ~ o n  (see [20] 
for a ~e~cription f the discrete fourier trans€orma~~on). These power s p e e t r ~ s  are shown in 
F~gures 5.16 and 5.17, respe&tively. 
For the steady state fan runs, the most i~portant  di~erence is between the four filter and 
 locked filter case. They both show large peaks at 17.5 Hz, but the case in which filters are 
blo&ked shows a peak approximately 2 5 ~  higher than the  blocked case. For the fan starts, 
there is an oscillation band in the power spec t ru~  which decreases in €requency as more b loc~ge  
is placed at the inlet of the fan. The band can be seen b e t w ~ n  11 and 17 Hz for the no filter 
case, bet~een 7 and 10 Hz for the four filter case and between 3 and 6 Hz for the case with two 
was 0.642 ~* 
H ~ A ~  Throttled 
SSDGs & H ~ A C  Throttled 
24.71 I 0.86 
24.28 0.75 
Figure 5.15: SENECA HVAC Fan 
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Figure 5.16: Steady State Power Spectrum for Various Filter Conditions 
'y .c' 
Ekers blocked. These data were the first indication that blockage in a fluid system could be seen 
in a power spectrum. 
5.5.2 SENECA Testing 
Since is was now known that blockage could affect the power spectrum, data from the SENECA 
was taken and analyzed to determine if blockage could be seen in the power spectrums of the 
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~S~ pumps. ~ ~ o c ~ g e  in heat exchangers is an actual problem that is known to occur in the 
~S~ system so was deemed a high priority.  any c r e ~ e m b e r s  reported that mussels would 
grow in the endbells of heat exchangers while the ship was in cold water, then detach the~selyes 
in w a ~ e r   water^, c a ~ i n g  a red~ction o€ Bow through the heat ex~ha~gers.  
The first step was to determine the di~erence be~ween the  AS^ system’s power s p e ~ t r ~  
present in the endbell of the lube oil cooler. A power spectrum was developed for this data and 
&ompared to a power s p e & t ~ m  for the time period two hours later (after the mussels had been 
remoyed~. These two power spectrums are shown in Figure 5.18. 




There are two key observatio~s made from Figure 5.18: 
1. There is 10 Hz peak in power that appears to be characte~stic of the ~S~ system. This 
peak may be due to resonant effects co here in the system, including close to the pump 
itself. 
I 
2. This peak changes dramati~ally for b l o c ~ g e  in the number one SSDG lube oil cooler. The 
di~erence in the two peaks is nearly a faetor of three. The ship’s logs ody state that 
t ~ m ~ e r a t u r e  was rising in n~mber  one SSDG and that it was subsequently shut down at 
~ 8 ~ 8 .  There is no ind~cation of rising tempera~ures a~ywhere lse in the ~S~ system, so it 
~ s ~ m e d  that the change is due only to b l o c ~ g e  in the n~mber  one SSDG lube oil cooler. 
In order to verify the ~ ~ i d ~ t y  of the power s p e & t r ~  with b ~ o c ~ g e  pr sent, tests were run 
with flow into number one SSDG lube oil cooler throttled. The throttled and ~ n t h r o t t l e ~  results 
are shown in Figure 5.19. 
It should be noted that the peak at exactly 10 Hz shows the same r e d ~ ~ t i o n  in ~ p l i t u d e  
as in the blocked case.   ow ever^ there are peaks to the sides of 10 Hz that show a much higher 
~ p l i t u d e  €or the throt~led case than for the u n t h r o t t l ~  case. This phenomenon was not seen 
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Figure 5.18: Power Spectrum for Blocked SSDG Lube Oil Cooler 
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Figure 5.19: Power Spectrum for Throttled SSDG Lube Oil Cooler 
a heat exchanger is not the same as blocking some of the individual heat exchanger tubes. The 
difference is that in the former case, there is lessened flow to all tubes while in the latter case, 
the blocked tubes have reduction in flow while the unblocked tubes have an increase in flow (to 
maintain the same volumetric flow rate). 
Ideally, testing would occur with obstructions inserted into the lube oil heat exchanger. Since 
testing of this nature is not feasible on an operational Coast Guard Cutter, the fluid test system 




5.5.3 ~ u ~ e r  ~ ~ e ~ t r u ~  and ~ ~ ~ a t i u ~  ~ x ~ ~ r ~ ~ e n t s  using the Fluid 
Test ~ ~ ~ t e ~  
Unlike tests &onducted o n b o ~ d  the ~ ~ ~ ~ ~ A ,  tests conducted on the Buid test system also 
inv~lved the collection of   brat ion data. It was felt that the os&illations in the pump power might 
be caused by pressure waves being t rans~i t ted  back to the pump impeller. If these p r ~ s u r e  waves 
transm~tted even some of their e n e r ~  into the piping, then it should be dete~ted exter~ally. 
To this end, vibration t r ~ d u & e r s  were connected at the inlet side of the Buid test system 
EX. Each vibration transducer consists of a ~ a g n e t  which is able to  vibrate inside a loop o€ wire, 
causing a voltage to be oupu~. The vibrat~on t r a~duce r s  were able to detect  brati ion along two 
per~endicu~ar xes by being attached to the idet ~iping of the HX as shown in Figure 5.20. The 
convention used was that of  cylindric^ ~oordinates in which the "Z" ~ r e & t i o n  is along the axis 
of the cylinder while the "R" direction is outward from the axis of the cy l~der .  
"R" ~~~~ i 
test system was w h the ,,ilet valve to t,,e HX The first e ~ e r i ~ e n ~  &ondu&ted on the flu 
t~rottled to only one turn open. This data was taken to validate the t ~ o t t ~ n g  data taken 
o n b o ~ d  the ~~~~~~~ The spectrums for power, R direction vibration and 2 direct~on vi~ration 
are shown in Figures 5.21, 5.22, and 5.23, res~e~tively~ 
Just as on the ~ E ~ E ~ ~ ,  the power spectrum €or throttled flow into the fluid test system EX 
shows higher ~ p ~ i t u d e s  €or the throttl~d &ondition. The vi~ration shows lower ~ p ~ i ~ u d e s  in 
both the R and Z d~rectio~s, due to the decrease in total Bow through the heat exch~ger .  
~~~~~~~g Data 
Unlike t h r o t t l ~ n ~  the total Bow t ~ o u g h  the HX with the use of a single .valve, there are many 
d ~ ~ e r e n t  ways that ~ l o & k i ~ g  of tubes can occur. Along with the unblocked ~nd i t ion ,  data were 
taken for three di~erent ypes of the blo&ked-tu~e condition. These di~erent modes of b l o c ~ n g  
are i~~ustrated in F ~ ~ u r e  5.24. 
For each type of clog, one minute of steady state power and vibrat~on data were taken dong 
with a measurement of the ~ump's  i m p ~ ~ ~ e r  sp ed, The pump impe~ler speed was m ~ a s u r ~  by 
pa~nt~ng a small white dot on the rotor of the pump and then using a laser tac~ometer to m e ~ u r ~  
rpm. This process was repeated five times for each of the clogged c o n d i ~ i o ~ s ~  the ~ e ~ u e n ~ y  
s p e c t r ~  for that run of data was created (for both power and  brati ion^, and the spectrums for 
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Figure 5.21: Power Spectrum for Throttled Flow to Fluid Test System Heat Exchanger 
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Figure 5.22: R-Motion Spectrum for Throttled Flow to  Fluid Test System Heat Exchanger 
.m 
Bi impeller speed within the error of the tachometer-(& 1 rpm). The frequency spectrum for 
pump power is shown in Figure 5.25. 
Although not necessarily obvious from Figure 5.25, the important frequency for the power 
spectrum is at 2.5 Hz. It is important because every test case has a large spike at that frequency. 
The frequency spectrum for vibration in the R direction is shown in Figure 5.26. 
Figure 5.26 shows two large peaks in frequency, one at 58.73 Hz and the other in the vicinity 
of 8.5 Hz. Since the pump rotational speed of 3520 rpm corresponds to a frequency of 58.67 
Nu Clogs 
6 Tubes 
Figur~ 5.24: Fluid Test ~ y s t e ~  HX Clog Types 
Hz, the peak at 58.7~ Hz is just ~echanica~ vi~ration trans~itted thro~gh the piping due to the 
~otation of the pump i m p e ~ ~ ~ r  and not due to Auid m o ~ n g  t h ~ o u ~ h  the pipe. The peaks at 5 ~ . ~ ~  
Hz and 8.5 Hz are shorn in ~ ~ g u r e s  5.27 and 5.28, r ~ s p ~ c t ~ v e ~ y *  
There are two in~erest~ng pheno~ena to note in Figure 5.28. First, €or the cases where there 
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Figure 5.25: Power Spectrum for Clogged Flow to Fluid Test System Heat Exchanger I 
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Figure 5.26: R-Motion Spectrum for Clogged Flow to  Fluid Test System Heat Exchanger 
is symmetric flow through the HX, frequency peaks do not get larger, but they do shift upwards 
in frequency as the amount of clogging increases. Secondly, the only frequency peak which is 
larger than the others is for the case where three tubes are clogged asymmetrically. Compare 
these observations with Figure 5.25. Note that in Figure 5.25, the frequency peak in the vicinity 
,of 2.5 Hz for the unclogged case and the case with three tubes clogged asymmetrically are at the 
same frequency. As with vibration in the R direction, the frequency peak is higher when there is 
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Figure 5.27: 5 ~ . ~ 3  Hz Peaks in ~ - ~ i r e ~ t i o ~  for ~ l o g g ~ d  Flow to Fluid Test ~ ~ ~ t e ~  Heat 
Figure 5.28: 8.5 Hz Peaks in ~ - ~ i r e ~ t i o n  for ~ l o ~ ~ e ~  Flow to Fluid Test ~ ~ s ~ e ~  Eeat 
~ x ~ ~ ~ ~ ~ r  
there is a higher ~eguency peak (at the same ~ e ~ ~ e n & y ~  than when the €an filters are unb~o&ked. 
The ~ ~ o ~ k e d  filt rs in the ~~~~~~ ~~~~ €an case also represe~t ~ y ~ ~ e t r i ~  b l o c ~ g e  because 
the top two filters were blo&ked while the b o t t o ~  two filters were left unblo~ked. 
For ~ b r a t ~ o n  f the fluid test ~ y s t e ~  in the Z dire~tion, F~gures 5.29 and 5.30 show the Ere- 
guency spectrum for v a ~ o u s  b l o & ~ g e  c o ~ d ~ t i o ~ .  The largest f r e ~ ~ e ~ c y  peak is at a p p r o ~ ~ a t e l e y  
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74 Hz with two side bands. The peaks to either side of 74 Hz are identified as sidebands because 
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Figure 5.29: Z-Motion Spectrum for Clogged Flow to Fluid Test System Heat Exchanger 
73.4 73.6 73.8 74 74.2 74.4 74.6 74.8 
Frequency (Hz) 
Figure 5.30: 73.88 Hz Peaks in Z-Direction for Clogged Flow to Fluid Test System Heat 
Exchanger 
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All three of the peaks in Figure 5.29 show the same trend, so the peak prese~ted in Figure 
5.30 at ~~~~~ Hz is ~scussed. The Z direction  brati ion does not follow the same trends as the 
R direct~on   brat ion or the power osc~llat~ons. The Z direction vibration shows the highest peak 
for the unclogged co~d~t ion ,  wh~ch is not true €or the other two s p e c t r u ~ .  ~ i b r a t ~ o n  in the Z 
direction should p r o ~ a ~ l y  not be used as a ~redictor o€ the power s p e c t r ~ s  because it was noted 
during t ~ t i n ~  that the thrust of water a g ~ n s t  the side of the water r ~ e ~ o i r  in the fluid test 
sy~tem was causing vi~ration in the Z direction of the EX. 
To summarize the trends in the the ~ r i o ~  ~ e ~ u e n y  spectrums~ Table 5.5 provides rankin~s 
of the ~ e ~ u e n c y  peaks for the power, R direction  brati ion^ and Z d~rection vibration s p e c t r u ~ ~  
The highest peak is given a rank o€ one while the lowest peak is given a rank of four. ~ h i ~ s  in 
€re~uency are also indica~ed wh& applica~le. 
Table 5.5: ~ e ~ u e n c y  Peak ~ ~ ~ n g s  for ~arious Fluid Test 
~ys t em HX Clogs 
It is noted from Table 5.5 that there is no clear trend in the spectr~m of €re~ueneies that 
corresponds to the clog severity. It is noted however, that the situation which is most severe 
shows a large decrease in the ~ e ~ u e n c y  peak in the vicin~ty of 2.5 Hz. If 2.5 Hz is the ~ ~ u e n c y  
that is an indicator of EX c~ogging, a dechease in the peak at that fre~uency for a h i g ~ y  clogged 
EX is c u ~ i s ~ e n t  with the results from the ~ ~ ~ ~ ~ A .  It is also noted from Table 5.5 that the 
upward ~~~~ in ~ e ~ u e ~ c y  for vibration in the R direction (in the vicinity of 8.5 Hz) may be the 
best ~nd~cator f clogging. 
5.6 . ~~a~~~~ ~ ~ r n r n a ~ ~  
Large c h a n g ~  in head loss in a Auid s y s t e ~  are readily apparent in the steady state power levels 
of the pumps which provide flow through the syst~m. It is poss~ble to dist~nguish between large 
head losses at the p ~ p  inlet and the pump outlet. 
~ u ~ t ~ e  changes in the fluid system at indi~dual com~onents are much harder to detect. It 
is possible that each component in the Auid system has a unique s~gnature in the s p e e t r ~  of
~equencies over which power is t r a ~ ~ ~ t t e d ~  I  r~mains to be seen how changes to individua~ fluid 
system compone~ts affect these fre~uency signatures. Speci~cal~y, a more ~ e t a i ~ e d  underst~ding 
of the Buid ~ e c h a ~ c s  of clogged heat exchan~ers must be developed. 
Chapter 6 
.Hydraulic System Results 
6.1 Introduction 
Like seawater cooling systems, hydraulic systems are common across a wide range of ship types 
and sizes. One of the most important type of hydraulic system found onboard ships is the steering 
system. Since the steering system (in conjunction with the main engines) provides the ship its 
maneuverability, the status of its functionality must be known at all times. Monitoring the 
steering systems onboard the USCGC SENECA and the ONR YP provided on opportunity to 
determine if the NILM could detect any degradation of the system’s performance. Additionally, 
it was hoped that the NILM could provide a backup indication of system parameters (e.g. rudder 
angle) with the hope of developing a NILM-based autopilot in the future. 
6.2 SENECA Steering System 
The steering system onboard the SENECA consists of two 30 hp pumps drawing hydraulic fluid 
from a common reservoir to pressure a common header. Rudder actuation is accomplished through 
two 4 in. hydraulic rams (one for each rudder stock). Additionally, parallel rudder motion is 
accomplished through the use of a large tie rod which connects the two rudder stocks. Figure 6.1 
shows a schematic representation of the SENECA’S steering system while Figure 6.2 shows one 
of the rudder hydraulic rams and the connecting tie rod. 
Different system configurations are achieved by repositioning valves. The valve positions 
requird for these different configurations is shown in Figure 6.3. The diagram is a copy of the 
actual plate on the side of the steering system itself. 
The NILM installation for the SENECA system uses one voltage transducer and two current 
transducers to monitor the two hydraulic pumps that pressurize the system. Since there is no one 
panel that supplies both of the pumps (for reliability), one LA-205 current transducer had to be 
placed in each pump controller and the output combined at the NILM box. The resistors used 
fir  the voltage measurement, current measurement, and references are 130 SZ, 15 R, and 56.2 0, 
respectively. Upon initial system installation, the system was calibrated by collecting balanced 
three-phase power data for pump one with a Fluke 39 Powermeter and comparing it to the power 
counts obtained with the NILM. The resultant scaling factor between real power (3.6 kW) and 
counts (570.11) was 6.31 =. 
It should be noted that the steering system onboard the SENECA is the only NILM installation 
discussed in this thesis that did not have its own dedicated computer. Test data were taken with 
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a co~puter that was connect~d to the ~~~~ box only at the time of testing. Two d i ~ e ~ e n t  test 
s~sions used two d ~ ~ e r ~ n t  c o ~ p ~ t e r s .  It  as discovered that the number of counts produced by 
the second  compute^ for the same pump power was ~ i ~ e r e n t  than €or the first ~ o ~ ~ u t e r *  The 
resu~tant scaling factor b ~ t ~ e e n  real power (3.6 kVV) and counts (1~33.3) was 3.48 ~ for the 
second  compute^. 
The first scaling factor was used for data taken in ~ c t o b e r ~  ~ ~3 while the second scaling 
factor   as used for data taken in ~~~~~ 
Figure 6.3: SENECA Steering System Valve Lineups 
6.2.1 In-Port Rudder Transients Before and After a Repaired 
Cylinder 
The rudder transients that were conducted consisted of “fishtailing” the rudder back and forth 
through various angles. The rudder was first moved from 0 degrees to left 5 degrees. After a brief 
pause, the rudder was moved back to 0 degrees. After another brief pause, the rudder was moved 
to right 5 degrees. The rudder was then moved back to 0 degrees following another brief pause. 
This process was continued for 10 degrees, 15 degrees, etc. up to 25 degrees of rudder deflection. 
The power data for these transients are shown in Figure 6.4. Notice that the transients are longer 
as the rudder is deflected to higher angles. 
The data contained in Figure 6.4 was one of the first sets of data taken for the steering system. 
After collecting this data, it was desired to disable one of the rudder ramss to determine how the 
transients would look for rudder motion in which only one of the rams was providing power. Due 
to an incorrect valve lineup, the return path for the hydraulic ram that had been disabled (number 
one) was closed, so the cylinder began leaking hydraulic fluid. It was later discovered that an 
O-ring had become dislogded from the excessive pressure in the cylinder. The cylinder and ram 
were removed for repair and no further testing was accomplished before the ship went out to sea. 
The power data in Figure 6.4 show a variation in the amount of power drawn when the rudders 
are moving left or right. This is due to a difference in the two cylinders. When these data were 
collected, it was noted that cylinder number one would shake when the ram was retracting into its 
cylinder, which corresponds to a left turn. The transients that correspond to the rudders deflecting 
left i -  show a lower power value than the transients that correspond to the rudders deflecting right. 
Following the SENECA’S return to port, a new round of testing was begun with cylinder 
number one repaired and reinstalled in the system. The first test was the same “fishtailing” of 
the rudders that had been done before. The power data for these transients with the repaired 
cylinder are shown in Figure 6.4 
The power data in Figure 6.5 do not show a variation in the amount of power drawn when 
the rudders are moving left or right. There was clearly a fault present in number one cylinder 
even before the overpressure condition caused the O-ring to become dislodged. Whatever fault 
--. 
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was presen~ in the cyinder ~~h~ have actually been the cause of the d~s~odged U-ring. This is 
corrobo~a~ed by the failure of the s y s ~ e ~ ’ s  rejief valve ~ w ~ i c h  several people heard lift) to ~ r o ~ e ~ t  
the cyj~nder. 
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6.2.2 Rudder Transients with Disabled Cylinders 
The same rudder "fishtailing" that was conducted before was again conducted to determine if 
there was a difference in power transients when only one ram was functioning instead of both of 
them. The collected power data are shown in Figures 6.6 and 6.7. 
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Figure 6.6: SENECA Rudder Transients, Ram 1 only 
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Figure 6.7: SENECA Rudder Transients, Ram 2 only 
Figures 6.6 and 6.7 show that when there is only one powered ram, there is a difference between 
the power drawn by the hydraulic pumps for left rudder movement and right rudder movement. 
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If ram one is powered? more power is drawn for a left turn, whereas more power is drawn for a 
right turn if ram two is powered. This di~erence can be expla~ned by the di~erence in head loss 
experienced at one side of the ram vs. the other. 
~ c c o r ~ i n g  to [I]? the ~ o u n t  of head loss experienced by a Auid moving at some ve~ocity is 
given by equation 6.1 where F ~ L  is the head loss, Kh is the head loss c o e ~ c i e ~ ~ ,  V is the Auid 
velocity, and 9 is accelera~~on due to gravity. The head loss coe~cient in this ~ u a t ~ o n  is usually 
only a ~ n c t i o n  of the piping ~eometry under consideration. 
For the ~ ~ r p o s e ~  of this analysis~ an ~xpansion is de~ned as when a Auid moves from a pipe of 
small cros~-sect~ond area to a pipe of larger &ross-sectional area. ~ikewise, a c o n t r ~ t i o ~  is when 
a Auid moves from a pipe of large cross-sectional area to a pipe of smdler cross-sectional area. 
For a cross-sectio~al area ratio of 2 where A1 is the cross-se~tional area of the large pipe and A2 
is the cross-se~tional area of the small pipe, the head loss coe~cients for the cases of contr~t ion 
and expans~on are given in Figure 6.8. 
The steer~ng system on the S~~~~~ is composed of 4 in. cylinders and 1 in. hydraulic 
lines.  erefo fore^ operation of the steering system &onsists of Auid expansio~ and contra~tions to 
and from the hydrauli~ cylinders.  hen both of the rams are powered? the head losses due to 
expansion and contr~tion are equal for left or right rudder de~ect~on. If only one ram is  ower red, 
however, the head losses are di~erent for left and right rudder de~ections~ 
It is clear that the side of the hydraulic cy~inder which does not contain the ram (e.g. the 
left side of cy~inder one in Figure 6.1) has a larger cross-sect~onal area through which Auid can 
~ o v e .  For the s t e~ r~ng  system onboard the S ~ ~ ~ ~ ~ ?  the % ratio for the side of the cylinder 
w h ~ ~ h  does not contain the ram and the hydraulic piping is 0.25. The estimated % ratio for the 
side of the cylinder which con t~ns  the ram and the hydraulic pip~ng is 0.5. Using these area 
ratios, it is ~ossible to generate a table for the head loss coe~cients in the two hydrau~ic  cylinder^ 
for left and right rudder deflection for only one powered cylinder. Table 6.1 gives the head loss 
coefficients from Figure 6.8 for left and right rudder deflection with only cylinder one powered. 
Only the portion of each cylinder that acts as a load on the system is considered. 
Table 6.1: Hydraulic Head Loss Coefficients for Left and 
Right Rudder Motion w/ Ram 1 Powered 
Cyl. 1 Contraction 0.425 0.375 
Cyl. 2 Expansion 0.5625 
Cyl. 2 Contraction 0.375 0.425 
Total 1.3625 
Table 6.1 indicates that the total head loss coefficient for left rudder deflection is higher than 
for right rudder deflection when only cylinder one is powered. This means that there is a larger 
pressure drop for left rudder deflections, so the hydraulic pumps must consume more power to 
maintain pressure in the system, exactly as is shown in Figure 6.6. 
For the situation in which cylinder two is powered, the entries in Table 6.1 are reversed, and 
right rudder deflection requires a higher amount of hydraulic pump power. This is the situation 
shown in Figure 6.7. 
6.3 ONR YP Steering System 
In addition to the extensive testing that was performed on the USCGC SENECA, tests were also 
performed on a yard patrol craft operated by the Office of Naval Research (referred to as the 
“ONR YF”’). The steering system onboard the ONR YP consists of two 3 hp pumps drawing 
hydraulic fluid from a common reservoir to pressure a common header. Unlike the steering system 
on the SENECA, rudder actuation is accomplished through only one hydraulic ram. The single 
hydraulic ram moves in two different directions to accomplish left and right rudder deflections. 
The hydraulic ram moves the starboard rudder directly. Parallel motion of the port rudder is 
achieved through the use of a tie rod which connects the port an starboard rudder stocks. Figures 
6.9 shows a schematic of the system while Figures 6.10 and 6.11 shows one of the hydraulic pumps 
that pressurizes the system and the system tie rod, respectively. 
The NILM installation for the ONR YP steering system uses one voltage transducer and two 
current transducers to monitor the two hydraulic pumps that pressurize the system. Since there 
is no one panel that supplies both of the pumps (for reliability), one LA-55 current transducer 
bad to be placed in each pump controller and the output combined at the NILM box. The 
resistors used for the voltage measurement, current measurement, and references are 47 0, 95 0, 
and 47 0, respectively. Upon initial system installation, the system was calibrated by collecting 
balanced three-phase power data with a Fluke 39 Powermeter and comparing it to the power 
counts obtained with the NILM. The resultant scaling factor between real power (1.19 kW) and 
counts (3938.7) was 0.3021 %. 
*-I_ 
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6.3*1 
L G R b M  FOR ~ ~ € E ~ i N E  GEAR I D .  NO. DJ 
The rudder t r ~ s ~ ~ n t s  tha  were condu~ted ~ons~sted of ‘ ~ s h t a ~ ~ i n ~ ”  the rudder back and forth 
thro~gh v a r ~ o ~  angles, just as on the ~~~~~~. The power data for these t r ~ s ~ e n t s  are shown 
in Figure 6.12, 
It is ~ p o ~ a n ~  to note in Figure 6.12 that the power data is not nearly as clear as €or the 
rudder t r a ~ ~ e n t s  colle&ted onboard the ~~~~~~. Not only is there a larger ~ r ~ a t ~ ~ n  in the 
steady state power level between power levels, but the rudder t r a ~ ~ e n t s  t h e ~ e ~ v e s  do not show 
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Figure 6.12: ONR YP Rudder Transients 
the flat plateau that the rudder transients for the SENECA did. This is not necessarily bad 
news however, the differences in power transients can actually be used to determine the nature of 
rudder motion. Figure 6.13 shows the last three rudder transients from Figure 6.12. 
In Figure 6.13, the rudder is moving from left 25 degrees to 0 degrees, from 0 degrees to right 
25 degrees, and finally from right 25 degrees back to 0 degrees. Figure 6.13 clearly shows that the 
rudder transient for deflection towards 0 degrees has a much larger initial power peak than rudder 
motion away from 0 degrees. Ultimately this information could be used by an autopilot (along 
w/ recognition in the difference between left and right rudder deflection) to determine rudder 
position. 
6.3.2 Faulted In-Port Rudder Transients 
In addition to collecting rudder transients with both rudders being moved by the single hydraulic 
ram, transients were also collected with the tie rod disconnected so that the hydraulic ram was 
moving only the starboard rudder. The same “fishtailing” transients were collected as for when 
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Figure 6.13: Larger ~~e~ of ONR YP R ~ d d ~ r  ~ ~ n s ~ ~ n ~ s  
the tie rod was &onnected. The power data for these transients are shown in Figure 6.14. 
R w 
It should noted from a &ompa~son of Figures 6.12 and 6.14 that the power levels for the 
tie rod d ~ & o ~ e e t e d  are higher than for the tie rod co~e&ted .  It might at Erst seem that this 
higher power level might be a good indi&ator of the tie rod being ~s&unnected. The disere~aney 
is that the power drawn by the pump when there is no rudder t r a ~ i e n t  present is also higher. 
Sinee dis&onne&~ing the tie rod b~tween rudder stocks does not in any way alter the lineup of the 
~ydraulic p~ping, there is no rea~on it shuuld be drawing more power. It is better, there€ore to 
look at the difference between the power drawn during a rudder transient and the power drawn 
with no rudder transient. Figure 6.15 shows the last three rudder transients from Figure 6.14. 
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Figure 6.15: ONR YP Rudder Transients, Starboard Rudder Only 
As for the transients with the tie rod connected, Figure 6.15 shows the rudder moving from left 
25 degrees to 0 degrees, from 0 degrees to right 25 degrees, and finally from right 25 degrees back 
to 0 degrees. The characteristic difference between transients for deflection towards 0 degrees 
and transients for deflection away from 0 degrees are still present. The power level drawn for 
transients is also about 200 W higher than the baseline power level, just as for the case with the 
tie rod connected. 
The only difference in transients with the tie rod disconnected is the shape of the power drawn 
during the transients. In Figure 6.13 the power transients with the tie rod connected show more 
oscillations during the rudder deflections. The power transients in Figure 6.15 however, show 
much smaller oscillations in power. 
6.4 Chapter Summary 
Based on the results presented previously, it is possible to detect faults associated with hydraulic 
cylinders in steering sytems onboard ships. For the two-cylinder system onboard the SENECA, a 
disabled cylinder is indicated by a difference in the steady state power level drawn for left and right 
rudder deflection. For the single-cylinder system onboard the ONR YP, the difference between 
one-rudder deflection and two-rudder deflection is indicated by the shape of power transient. 
For the purposes of providing an indication of rudder angle, the two-cylinder system onboard 
the SENECA does not currently show an obvious difference in left and right rudder deflection. 
The single-cylinder system onboard the ONR YP only shows a difference in deflection away from 
zero versus deflection towards zero. If a method is developed to distinguish between left and 
,right rudder deflections, rudder angle can be easily determined from the duration of the rudder 





7.1 Current Systems 
7.1.1 NILM Hardware 
The NILM Hardware used in the installations discussed in this thesis was able to collect data for 
analysis satisfactorily, but there is room for improvement. 
Although the analog-to-digital conversion card used in the PCs performed well, they are 
extremely expensive. A universal serial bus (USB) interface developed at MIT by fellow LEES 
students will be used in the next generation of NILM installations. In addition to being more 
cost-effective, the USB NILM promises a much higher data collection rate than the current SCSI 
system. 
A more advanced interface between the voltage and current transducers and the PC should also 
be investigated. If wiring terminal board resistors are sized to prevent an over-voltage condition 
in the analog-to-digital card for a load start, fidelity is lost in the steady state signal. An interface 
needs to be developed that adjusts the sensitivity of the signal to the computer based on the 
amount of current being drawn by the load. This hardware would ideally prevent damage during 
a large current peak but provide a high amount of fidelity for steady state signals. 
In some instances (especially where power level and not frequency content is important) high 
or low pass filters should also be considered at the the interface between the transducers and the 
PC. This might allow recognition of much smaller changes in steady state power level. 
7.1.2 NILM Software 
The current state of the art in NILM software consists of the preprocesser that converts the voltage 
and current signals into a power envelope, the automatic data collection discussed in this thesis, 
and “demonstrator” software not discussed in this thesis that has been developed to track loads 
turning on and off. With the demonstrator software in “train” mode, load on and off transients 
are shown to the system. When the software is switched to  “run”, it is able to  recognize on and 
off transients for any load that it has been trained to see. 
The next step in NILM software should combine automatic data acquisition and storage, load 
on/off recognition, and recognition of large changes in steady state power level. Although not 
expected to have the advanced capabilities of the ideal system listed in Chapter 1, it should be 
able to trend equipment performance over time, recognize faults and create the corresponding 
error message, and store data for later analysis. ’ 
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~~~ ~ ~~ 
7. I .3 ~~~~~~~ ~ ~ S ~ ~ ~ S  
Although the “leak indicator” deve~oped earlier is a good start for detecting a constant drain on 
a cyclin~ sy~tem, it needs to be re~ned t ~ o u g h  ~ r t h e r  testing and simulation . 
~ ~ ~ ~ u v ~ ~ ~ n t ~  to the ~~~a ~ ~y~~~~ ~ ~ ~ ~ ~ ~ t ~ u n  
First, the sim~ation is based on pressure, and not leak Aow rate. Leaks in a vacuum s y s t e ~  do 
not actually develo~ as a  ons st ant loss of vacuum, but rather as an intake of air into the system 
due to a loss of system i n t e ~ i t y  (e.g, loose ~ t t ings  or holes in p i ~ i n g ~ .  This air intake is not 
~ ~ ~ t a n t  over time for a loss of system integrity, but actually varies with the amount of v ~ u u m  
in the s~stem. 
Second, the probably density ~ n c t i o n  for ~ ~ h e s  used was probably not very real is ti^. It 
is probab~y more realistic to use a probabi~ity density ~ n c t i o n  whose c ~ u ~ a t ~ v e  distribution 
€ ~ c t i o n  ~~~~~u~~~~ one as time goes to i ~ n i t y .  The binom~al or Poisson distributions are good 
candid at^ (see [13]), they were not originally used because of the need to generate large a m o ~ t s  
of data q u ~ c ~ y .  
~ r u ~ ~ - ~ y ~ ~ ~ ~  ~ ~ ~ ~ t ~ u ~  
Another way that the leak indicator can be improved upon is through cross-system validation, 
~xperiments hould be run on other types of cycling systems to see if they are a~ected in the 
same way a s  the sewage sys~em on~oard the ~~~~~A~ The ~~~C system onboard the UNR YP 
is a good candidate for such a system became it already contains a N~~ installation. 
The N ~ L ~  installation for the UNR YP is using one voltage t r ~ s d u ~ e r  and one LA 205-5 
current t r ~ s d u c e r  to monitor two compressors? two heater banks, one seawater pump, and one 
~ h i l l ~ a t e r  pump. A s c ~ e ~ a t i c  of the system is shown in Figure 7.1. 
~ ~ l l w a t e r  is p u ~ p e d  through v ~ i o u s  thermostatically-controlled spot coolers around the 
ship. ~ ~ ~ l w a t e r  flow through these spot coolers is constant while air~ow through them cycles on 
and of€ to maintain temperat~re in each zone, The compressors for. the ~A~ system in turn 
cycle on and oE to ma~ntain c~llwater temperature. An example of compressor cycling is shown 
in Figure 7.2. 
The UNR YP ~~~C system would be an excel~ent system to trend because it is af€ected by 
 any ~ r i a b ~ e s .  Not only are there many diEerent combinations of thermostat settings which 
could be tried, but trends could also be ana~yzed for changes in air and seawater t e m p ~ r a t ~ e .  
7.L4 Fluid ~ ~ S ~ ~ ~ S  
~ l ~ h o u g h  large changes to the head loss of a fluid system (like those is section 5.4) are easy to 
see in the steady state power level of a pump, it has already been shown that small changes in a 
Auid system are not as easily detectable. 
The equipment used t h ~ f a r  to detect p r ~ s ~ r e  waves which may be i ~ u e n c i n g  the frequency 
spectrum of pump power ~easures  vibrat~on in piping, not fluid pressures. There are too many 
things which affect the ~ b r a t ~ o n  f the piping other than fluid flow, p r ~ a r i l y  m e c h ~ c a l  vibration 
of the pump itself 
In the ~ t u r e ,  pressure transducers should be i ~ t a l l e d  in the €hid test system to directly 
m e a s ~ e  any p r ~ s u r e  waves that are formed in the pi~ing. This would better allow the ~ ~ q u e n c y  
of int~rest in the power spectrum to be p~npointed to predict clogging failures. 
- 
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Figure 7.2: Compressor Cycling in ONR YP HVAC System 
A good candidate is the K-series pressure transducer manufactured by Ashcroft. Available 
from Grainger Tools, this pressure transducer comes in a wide variety of pressure ranges, and has 
a stainless steel membrane to ensure longevity. 
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7.1.5 ~~~r~~~~~ ~~~~~~~ 
The results for the steering systems onboard the S ~ N ~ ~ ~  and UNR YP are all for inport data.
There are two d r a w b a c ~  to collecting data for a steering system while moored. First, there are no 
h y d ~ o d y n a ~ c  forces on the r u d d e ~  as a result of the ship’s motion through the water. Second, 
the system is po~ered by shore power instead of the ship’s o n b o ~ d  gen~rating ~uipment ’  To 
predict performance while u n d e ~ a y ,  tests must be  conduct^ under way^ 
Some data was col~ected with the‘ ONR YP u n d e ~ a y .  Turns were made at d i ~ ~ r e n t  speeds 
with di~erent rudder angles, but there was a constant need to avoid traffic in the ~hesapeake 
Bay. A plot of the track taken for underway test~ng on the UNR YP is shorn in Figure 7.3. 
~nfortunatel~? the constant maneuver~ng that was re~uired makes the data nearly impossi~le to 





Figure 7.3: Track of YP ~ o ~ ~ o ~  fur ~~~~~~ ~ ~ ~ s ~ ~ ~ g  
Because the steering s~s tem N ~ L ~  insta~lation on the S~~~~~ does not have a dedicated 
~omputer~ no u ~ d e ~ a y  data has been taken for that system* If data were to be co~lected a u t o ~ a t -  
ically, it would have to be accomp~ied by a log of corresponding rudder motion. ~ ~ t h o ~ g h  this 
log s h o ~ d  be m ~ ~ t a i n ~  ~ ~ a y  bJ; the ship’s ~u~termas ters ’  it ~ g h t  be ~ i ~ c u l t  to reconcile 
it with power data from the N ~ L ~  if the two docks used are out of a~eement.  Therefore? the 
best way to collect data on the S~~~~~ is to put someone on the ship for co~trolled u n d e ~ a y  
t ~ t ~ n g  whose only duties are to collect N ~ L ~  data while recording rudder mot~ons. 
7.2 ~~~r~ ~ ~ ~ ~ ~ r n ~  
 though there is more research that can be done on the systems featured in this thesis, data has 
been col~ected for other systems which has yet to be ~ a l y ~ e d .  There are also some promising 
systems for ~ h j c h  very little data has been taken. 
1 
7.2.1 Anchor Windlass 
The anchor windlass consists of a 20 hp variable speed drive connected through a reduction gear 
to a capstan and “wildcat”. A wildcat is a geared drum which is used to pull up the anchor while 
a capstan is a taller, smooth drum that is located on the same axis as the wildcat and is used in 
conjunction with lines to moor the ship. There is a clutch on the wildcat to  disengage it from the 
capstan so that the two can move independently. 
It was reported by the Engineer Officer of the SENECA that the brake for the starboard anchor 
windlass would sometimes rub during operation. The anchor windlass was therefore tested for 
various combinations of capstan and wildcat engagement. A Tektronix 3054 oscilloscope was used 
to measure current to the variable speed drive. A plot of currents for fast speed operation is shown 
in Figure 7.4. For the case when the anchor has come off the bottom and is being pulled up by 
“i=- 
I the wildcat, there is noticeable increase in current drawn by the motor. 
40 I 
-40 1 I 
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Figure 7.4: Anchor Windlass Currents for Different Loading Conditions I 
Installing a NILM on the anchor windlass could provide valuable information about the power 
signatures of motors tasked with moving large weights. 
7.2.2 Roll Stabilization Fin 
The SENECA has fins at the forward end of the hull on the port and starboard sides that are 
tasked with minimizing the effects of sea state on the roll motion of the ship. Actuation of the 
fins is hydraulic with 30 hp motors powering pumps that maintain pressure in the system. With 
the fins in automatic, pressure transducers that sense wave motion are used as the control input 
to  position the fins. Actuation speed of the fins is variable and fin motion can be controlled 
’ manually. 
It is possible that the power consumed by the hydraulic pumps that maintain pressure could 
be used as an indicator of fin position. It might even be possible to use this power data as an 
indication of sea state. An example of power transients for fast and slow speed motion with 
deflections of 10 degrees is shown in Figure 7.5. 
I 
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Yet another hydraulic system on the ~~~~C~ is the system that main t~ns  pressure for the 
propeller pitch control. The angle of attack of the propeller blades is adjusted by this system so 
that the main ~ngines can be operated at more e ~ & i e n t  rpm. 
There is a ~~~~ installation that has &ollected ~nderway data for the pumps that m ~ n t ~ n  
system pressure. It is hoped that future andysis of this data (along with controlled test in^^ may 
p r o ~ d e  in~&ators  of shaft speed based on loading. The ~~~ data ~ i g h t  also be useful as a 
backup indi&ation of propel~er pitch angle 
There are too many shipboard systems which can be monitored by the ~~~ to list them all in 
this thesis. The results presented p r e ~ o ~ l y  are d l  for s y s t e ~  that are ~~t imate ly  mechani&d 
in nature. The appli&ation of the ~~~~ to more “purely~~ le&tri&al ~ystems (e.g. radar or 
c o m m u ~ ~ a ~ i o n s ~  has yet to be ex~lored, 
The results presented in p r e v i o ~  chapters show the s ~ t a b i l i ~ y  of the ~~~~ for  monitor^^ 
e l e & ~ ~ ~ d  loads on ships. It has been shown that it is ca~able of providin~ b ~ k u p  i n ~ & a t ~ o n s  f 
system ~erfo~mance, trending e ~ ~ i ~ m e n t  p rforman&e, and ~e&ogni~ing d ~ ~ e r e n t  fault ~ o n d ~ t i o ~ .  
~ r ~ h e r  d ve~op~ent of hardware and so~ware dong with &ontinued research into the behav~or 
of ship~oard s y s t e ~ s  will make a high~y &apable ~ ~ L ~ - ~ ~ e d  automated m o n ~ ~ o r i n ~  system a 
reality in the near future. 
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The information provided on the following pages provides technical specifications for the voltage 





7 PClStt 186 
sainjea j 
A 001;; + *  O t  = NdR 
v w  QE, = Ndl 

Current Transducer 'P, = 5 0 A ,  
*.. 
- 9  
For the electronic measurement of currents : DC, AC, pulsed ..., 
with a galvanic isolation between the primary circuit (high power) 
and the secondary circuit (electronic circuit). 
YE11R5 
R, Measuring resistance @ TA = 70°C 
RM,n*%,, 
I "  I 
" ^ ^  I -  f Electrical data 
r, = 85°C 
%,, R, 
@ 2 70 A",, 10 50 
witfie15V @ 50 Amex 50 160 
Q*T0Amax 50 90 
1 Accuracy - Dynamic "_ -- " " performance ~- data ~ . -  1 
60') 6F) S2 
135 155 $1 
13531350 St 
X Accuracy @ I,, , T, = 25°C @ f 1SV (i 5 %) f 0.65 % 
i@ f 12 .. 15V{* 5 X) f 0.80 % 






Offset current Q i, = 0, T, = 25°C 
Residual current Q 1, = 0, after an overload of 3 x I, 
I, Thermal drift of 1, 0°C .. + 75°C - 25°C .. 4 85°C 
t, 
t, 
Wdt dildt accurately followed 
Reaction time @ 10 % of I,,, 
Response time @ 90 % af I, m;rr 
Applications 
AC variable speed drives and servo 
Max 
k5.2 mA ' 
' O" mA motor drives 
Features 
* Closed loop (compensated) current 
transducer using the Hall effect 
Printed circuit board mounting 
* Insulated plastic case recognized 
0 Excellent accuracy 
Very good linearity 
Low temperature drift 
* Optimized response time 
* Wide frequency bandwidth 
No insertion losses 
High irnmuntty b externai 
0 Current overtoad capability. 
interference 
r: 500 ns 0 
<I PS * 
$. 200 NPS 
f Frequency bandwidth {- 1 dB) DC..200 kHt 
T5 Ambient storage temperature -40..+90 "C 
R, Secondary coil resistance @ T,=?O"C 80 n 
TA=85'C 85 R 
m Mass i a  9 
Standards 4! EN 50178 
i *  
I "I --11_ 
~ Notes : Measuring range limited t i t %  Amaa 
2) Measuring range limited to f 55 A, 
Result of the coercive field of the magnetic clrcuit 
q, A list of corresponding tests is available 98070618 
95 

Current Transducer LA 205-S 1,N = 2QU A 
R, Measuring resistance @ T, = 70°C 
R ,  min 4.. max 
with f 12 V @ f 200 A,,,, 68 
33 @ f 300 A, 
with f 15 V Q f 200 A, 5 95 
8 f 300 A,?,, 5 50 
T, = 85°C 
R, mt, R, " .*X 
transducer using the Wall effect 
* Insulated plastic case recognized 
66 51 accordingtoUL94-YO 
3o sz Patent pending 
5 93 sz 
5 49 Q Advantages 
97 
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Current Transducer LA 305-5 
For the electronic measurement of currents : DC, AC, pulsed..'., 
with a galvanic isolation between the primary circuit (high power) 
and the secondary circuit (electronic circuit). 
R, % t l  R,, x 
with f 12 v Q f 300 A,,,, 0 52 
@ f 500 A r"ax 0 17 
@ f 500 A II(.u 0 31 
withf15V @ f 300 A ,*x 0 75 
R, 2 l "  Rw, 
0 50 62 
0 15 C2 
5 73 62 
5 29 62 
T, Ambient operating temperature - 10 .. + 85 "C 
R ti Secondary coil resistance @ S2 
TA=85"C 37 62 
m Mass 200 9 
T, Ambient storage temperature -40..+90 "C 
Standards 4 EN 50178 
Notes. P o l l u ~ ~ c l a s s  2 With a non insulated primary bar which fills the 
throug h-hole 
The result of the coercive field of the magnetic circuit 
With a dildt of 100 Alps 
*: A list of corresponding tes 
1, 
I,, 
loT Thermal drift of I, - 10°C .. + 85'C 
Offset current Q I, = 0, 7, = 25°C 
Residual current"@ I,= 0, after an overload of 3 x I , ,  
1PPJ = 300 A 
Typ Max 
f 0.20 mA 
f040 mA 
f 0 12 :c  0 30 mA 
Featu tes 
* Closed loop (compensated) current 
transducer using the Hall effect 
insulated plastic rase recognized 




Very good linearity 
Low temperature drift 
Optimized response time 
Wide frequency bandwidth 
No insertion losses 
r. High immunity to external 
* Current overload capability 
interference 
pplications 
AC variable speed drives and servo 
motor drives 
tatic converters for DC motor drives 
attery supplied applications 
* Uninterruptible Power Supplies 
Switched Mode Power Supplies 
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Wire and Crimp Lug 
Straight Term. Block 
Diag. Term. Block 
NILM Hardware Listing 
Value 
0.1pF ceramic 










The purpose of this appendix is to provide construction information for individuals performing 






Table B .l: Electrical Components Required for Voltage Sens- 
ing Board 
Value Qty. Supplier Part No. 
f12V 1 Jameco 148689 
68-pin SCSI-I1 1 Advantech ADAM-3968 
68-~in  1 Various NIA 
PCI 1 Advantech PCI-1710 
Table B.2: Additional Electrical Components Required for 
NILM Setup 
101 
I I I I 
Power Cable I 120v 1 1 1  Various I NjA 1 -  


The fo l l~win~  script s~mulates o p e r ~ t ~ o n  f the se~age  system v ~ ~ u u m  p u m ~ s  on~oard the 
~ ~ G ~ G  ~ ~ ~ ~ A .  The ~ v e ~ ~ ~ e  time ~ e t ~ e e n  ~ y s t e ~  usag~s is and ~ ~ ~ n t  of ~ a ~ u u m  leak is 
input with n u ~ ~ e r  p~~~ runs and average run time per run outpu~, 
function [runs ,runtime)=f lushsim(time-flush,Pdot-le~) 
n=SO ; % simul~tion time (minl; 
k=200 ; 
P-flush=l; 
X number of points per minute in ~imulation 
% pressure decrease caused by toilet flush (in Hg) 




% v~cuum rate gained by pump1 (in H~~min) 
% vacuum rate gained by pump2 (in Hg~min) 
X vacuum at which two pumps come on (in Hg) 
X vacuum at which pump comes on tin Hgl 
P~igh-~etpt=l5; X v a c u ~  at which pump shuts off (in Hg) 
104 
dP-f lush=O ; 
end 
if rem( j ,2) ==0 
else 
Pdot -pump=Pdot-pump2 ; 
Pdot-pump=Pdot-pumpl; 
. end 
’. P(i)=P(i-l>-dP-flush-(Pdot-leak)*(l/k) + Pump-status*Pdot-pump*(l/k) 
end 
runs= j ; 
runtime=sum(Pump-Counter) *60/ (j*k) ; 











Sewage System Leak Data 
Runs Time per run (seconds) Total runtime (seconds) 
15 23.78 356.7 
10 26.14 261.4 
10 19.56 195.6 
6 17.05 102.3 
7 18.47 129.29 
8 21.62 172.96 




15 23.99 359.85 
7 18.78 131.46 
4 
0200-0300 6 16.49 98.94 
0300-0400 7 17.12 119.84 
0400-0500 8 19.16 153.28 
0500-0600 6 17.24 103.44 




13 21.39 278.07 
10 19.57 195.7 
1000-1100 
1100-1200 
_ _  
10 18.62 186.2 
10 22.28 222.8 
U 
1200-1300 11 18.41 202.51 
1300-1400 9 21.79 196.11 
1400-1500 10 17.47 174.7 
107 
Leak Data for Leak Rate of 42 SCFK 
23.02 1 276.24 
I I 1 
1500-1~00 I 10 I 18.98 189.8 n 
108 
Leak Data for Leak Rate of 51 SCFH 




9 18.14 163.26 
9 15.78 142.02 
0600-~0700 
0700-0800 
22 21.66 476.52 
21 21.33 447.93 
109 
I 
Leak Data for Leak Rate of 102.5 SCFH 
Hour I Runs I Time per run (seconds) I Total runtime (seconds) 
Leak Data for Leak Rate of 132.5 SCFH 
0 Hour I Runs I Time per run (seconds) I Total runtime (seconds) 1 
111 
Mean Time Runs Time per run ~ s e ~ u n d s ~  Total r ~ n t ~ m e  ~ s e ~ u n d s ~  
~ e ~ ~ ~ ~ n  
Flushes 
5 12 I 20.625 i 247.5 
5 I 11 I 19.96363636 219.6 
2~*015 I 240.9 5 I 12 I 
5 I 12 I 2~.015 240.9 
20.95114286 I 440.1 2 I 21 I 
5 1 12 I 2~.015 240'9 
2 22 1 21.40909091 471 
5 I 12 I 20.01~ 240.9 
1 I 32 I 22.331 25 714.6 
2 I 21 t 2 ~ ~ 9 2 8 5 1 1 ~ 3  439.5 
5 12 I 20,075 240.9 
5 I 11 l~'96363636 219.6 
5 I 12 20.015 240.9 
7 t 9  19.~666666~ 119.7 
5 12 I 20.0~5 240.9 
2, I 10 I 20'07 200.7 
5 I 12 I 20.~75 240.9 
5 I 11 1 20.263~3636 1 222.9 
2 I 20 1 22.24~ 444.9 
1 29 I 23.4 ~78.6 
7 10 20'01 200'7 
7 10 18.3 183 
5 11 19.9636363~ 219.6 
5 11 19.96363636 219.6 
112 




18 18.76666667 337.8 
26 20.81538462 541.2 
17 18.9 321.3 
113 
Runs Time per run (seconds) Total runtime (seconds) 
1 i II 









23 I 1 9 . 1 ~ 0 ~ ~ 9 5 ~  1 440.7 














Simulated Weekday Data for Leak Rate of 1.5 in./minute 





~- .. . . - . . .. . . ... . -. . . . . ... ... .. . . .
7 I 29 I 20.3~862~69 
5 ~ 32 2 0 . 9 9 ~ 6 ~ ~  
2 I 38 I 2 2 . ~ 9 4 7 ~ 6 % ~  










Runs Time per run (seconds) Total runtime (seconds) 
117 
118 
Simulated Weekend Data for Leak Rate of 0.5 in./minute 
4 *  
,-*- 
119 
10 i 18 i 19.1166666~ 344.1 
10 I 18 I 18.9 340.2 
10 I 18 1 ~ . ~ 6 6 6 6 6 6 ~  337.8 
120 










Fluid System MATLAB Scripts 
This appendix contains scripts used to simulate operation of a centrifugal pump. The first three 
scripts are used to calculate the currents, voltages and torque used by the motor. The next three 
scripts perform a MATLAB version of the “prep” software used for real current and voltage data 
to develop a power envelope for the simulated data. The final script puts all of the scripts together 
to run the simulation and plot the real power used by the electric motor vs. time. The scripts 
indparam.m, ind.m, and c0nvind.m were written by Steven B. Leeb as part of [15]. The scripts 
prep-fft  .m, prep-rotate .m, and mat1abprep.m were written by Robert Cox, a fellow student at 
MIT’s Laboratory for Electromagnetic and Electronic Systems (LEES). The script indsim . m was 












This s c r i p t  loads the  machine parameters f o r  a 3hp, 180 V (L-N, peak) AC 
induction machine i n t o  t h e  global  environment. 
R u n  t h i s  code t o  load sample machine parameters before simulating with 
ind . 
This software i s  d i s t r ibu ted  i n  the  hope that  it w i l l  be usefu l ,  but 
WITHOUT ANY WARRANTY. 
d i s t r i b u t e  o r  s e l l  t h i s  software, o r  remove t h e  copyright no t ice .  
It is  f o r  educational use only. Please do not 
Copyright, 1995, 1997, 1998, 2000 Steven B. Leeb 
global  P rs rr Xm X l s  X l r  w e  J B 1  vds vqs vqr vdr T 1  
% These a re  t h e  machine parameters f o r  a 3 Hp, 180V (L-N, peak) AC 
% induction machine. 
P = 4; % 
rs = 0.435; % 
rr = 0.816; % 
Xm = 26.13; % 
Xls = 0.754; % 
Xlr’= 0.754; % 
we = 377.; % 
J = 0.089; % 
Number of poles (*not* pole pa i r s )  
S t a to r  res i s tance  
Rotor res i s tance  
Magnetizing Impedance, in O h m s  on a 60 Hz base 
S ta to r  Side Leakage’ Impedance, i n  Ohms on a 60 Hz base 
Rotor Side Leakage Impedance, i n  O h m s  on a 60 Hz base 
Base e l e c t r i c a l  frequency, rads  per  second (60 Hz) 
Rotor I n e r t i a  
125 
Bl = 0; 
vds = 0.0; 
vqs = 180.0; 
vqr = 0.0; 
vdr = 0 - ~ ;  
TI = 0.0; 
X Load Damping ~ o e f f i c i e n t  
% Q axis s t a t o r  voltage 
% D axis rotor voltage 
% 9 axis  rotor voltage 
% Load torque 
X D axis s ta tor  voltage 
f ~ c t i o n  [slopes] = ind(t statev) 




This scr ip t  c o ~ ~ u t e s  the state variable derivatives f o r  a f i f t h  
order model of a balanced, three phase AC induction machine. 
X The state variables are the  D and Q s ta tor  and rotor f l u e s ,  and 
X the  rotor speed (wr ) .  
% Use t h i s  sc r ip t  with ~ D E 4 ~  t o  simulate the ~ e r f o ~ ~ c e  of th  
X induction machine. 
X 
% Run indparam.~ t o  load sample machine ~ ~ a m e ~ e r s  before s i m ~ l a t i ~ g .  
2 
X This software is distributed i n  the hope tha t  it w i l l  be useful, but 
X ~~~~~ ANY ~~~~. It is  f o r  ~ d ~ ~ a t i o n a l  use only, Please do not 
X dist r ibute  o r  sell t h i s  s o f t w ~ e ?  or  remove the copyright notice. 
X 
% ~ o p ~ r i g h t ?  1995, 1998, 2002 Steven B, Leeb 
% The variable w determines the  reference frame in  which the simulation 
% w i l l  be co~ducted. With w = 377, the  s i ~ u l a t i o n  variables w i l l  be i n  
X 
global P rs rr Xm X i s  X l r  w e  J Bl vds vqs vqr vdr T I  
w = 377.; 
Lm =  we^ % This is the m a ~ e t i z i n g  inductance 
L i s  = Xisiwe; X Stator leakage 
L 1 r  = X l r l w e ;  % Rotor leakage 
Las = L l s  + Lm; 
LEE = L i r  + Lm; 
a s ~ ~ ~ o n o ~ s l y  r o ~ a t i n g  reference frame, 
lamqs = s t a t e v ~ ~ ~ ;  
lamds = s t a t e v ( ~ ~ ;  
lamqr = s t a t e v ~ 3 ) ;  
lamdr = s ~ a t e v ~ 4 ) ;  
WT = s t a t e v ( ~ ) ;  
%th = s t a t e v ~ ~ ~ ;  
D = Lm*Lm - Las*Lar;  
idr = ( ~ ~ l a m d s  - L a s * l a m d r ) ~ D ;  
i q r  = ~ L m * l a m ~ s  - Las*lamqr~iD; 
iqs = (Lm*lamqr - Lar*lamqs)/D; 
ids = (Lm*lamdr - Lar*lamds)/D; 
sl = (vqs - w*lamds - rs*iqs); 
s2 = (vds + w*lamqs - rs*ids); 
s3 = (vqr - (w - wr)*lamdr - rr*iqr) ; 
s4 = (vdr + (w - wr)*lamqr - rr*idr) ; 
% P is the number of poles, *not* pole pairs 
T = (3/2) * (P/2) * (lamqr*idr - lamdr*iqr) ; 
s5 = (P/2) * (T-0 . 0002614*wrA2) / (J + 0.00401) ; 
%s6 = 377; 
slopes = Csl s2 s3 s4 s51’;% ~61’; 
E.3 Convind 
function [m,m2] = convind(t ,y) ; 




% e.g., ias and vas for phase a. 
% 
% The variable w determines the reference frame in which the simulation 
% will be conducted. With w = 377, the simulation variables will be in 
% a synchronously rotating reference frame. 
% 
% On return, the output matrices m and m2 contain: 
% m = [ids iqs idr iqr]; 




% WITHOUT ANY WARRANTY. It is for educational use only. Please do not 
% 
% 
% Copyright, 1995, 1998, 2002 Steven B. Leeb 
global P rs rr Xm Xls Xlr we J B1 vds vqs vqr vdr T1 
% select reference frame (see ind.m) 
This script transforms the DQ stator and rotor fluxes computed using 
ind.m and ode45 back into laboratory frame stator currents and voltages, 
This script also plots the simulated rotor torque versus speed on return. 
This software is distributed in the hope that it will be useful, but 
distribute or sell this software, or remove the copyright notice. 
w = 377.; 
Lm = Xm/we; % This is the magnetizing inductance 
Lls = Xls/we; % Stator leakage 
Llr = Xlr/we; % Rotor leakage 
Las = Lls + Lm; 
Lar = Llr + Lm; 
lamqs = y(:,l); I ~ ~~ 127 
_~ ~ . . . .... . . . . ... 
I 
1 
m = [ids i q s  idr iqr]; 
m2 = [T ias ibs  ics vas vbs vcsl; 
I 
% This f i l e  w i l l  run an off l ine version of prep on data t h a t  has already been sampled 
X t o  have 128 pts/period 
X A is current data 
% 3 is voltage data 
€ ~ c t ~ o n  EvHm, ihm] = ~rep-fftCA, 3 ,  rows~  
i = 1; 
j = 1; 
n3asis = 128; 
s h i f t  = 64; 
harm = El 3 5 73; % The h ~ o ~ i c s  we want to look at 
r lHm = 4; 
in = zerosC1 ,nBasis) ; 
out = zeros Ci ,nBasis); 
i H m  = zeros (i ,rows*rlHarm*2) ; 
v H m  = zeros (1 ,rows~2~ ; 
f o r  i=P:l:rows 
i 
I 
f o r  j=i : 1 :*asis 
128 
in(j) = B(j + (i - 1) * shift); % load up the vector to be FFTd 
end 
out = fft(in, nBasis); 
vHarm(i*2-1) = real(OUt(2)); 
vHarm'(i*2) = imag(0ut (2)) ; 
for j=l:l:nBasis 
end 
in(j> = A(j+(i-l)*shift) ; 
out = fft(in,nBasis); 
for j =1: 1 : nHarm 
iHarm ( (i- 1) *2*nHarm+ ( ( j *2) - 1) ) = real (out (harm ( j + 1 ; 




function E =prep-rotate(vHarm, iHarm,rows) 
pqbar = zeros(l,2); 




nHarm = 4; 
harm = [1 3 5 71; 
E = zeros (rows , 2*nHarm) ; 
for i=l:l:rows; 
pqbar(1) = vHarm(i*2 - 1); 
pqbar(2) = vHarm(i*2) ; 
mag = sqrt(pqbar(1) * pqbar(1) + pqbar(2) * pqbar(2)); 
if (mag -= 0) 
pqbar(1) = pqbar(l)/mag; 
pqbar (2) = pqbar (2) /mag; 
end 
nrot = 1; 
pqtmp(1) = pqbar(1); 




% E = ~ a t l a b p r e p ( ~ , 3 , r o w s ~  
% 
% Given current and voltage s ~ p l e d  with 128 points per period, ~ a t l a b F r e ~  w i l l  
% output a r b i t r ~ i l y  scaled spectral  envelopes. 
% 
% A is the vector of current values 
% B is the vector of voltage values 
% rows is the number of cycles of the 60Hz wav~form 
% 
% This € ~ c t i o n ?  and a l l  of the f ~ c t ~ o n s  which it invokes, are 
% based on routines found i n  softprep.c by Steve Shaw. 
x 
% Robert Cox, 2 ~ 0 ~  
... .. .- .... . . 
P=E(: ,2) ; 
p lo t  ( t i m e  ,PI 
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